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INTRODUCTION 
Hail r e s e a r c h performed for the Associat ion in 1967 was an integral par t of 
a la rge r e s e a r c h project concerning the study of var ious techniques for the evalu-
ation of hail suppress ion efforts. This project has rece ived a majori ty of i ts sup-
port from the National Science Foundation with additional support from the State 
of Illinois. NSF support of this project began in June 1966, but much of the re-
sea rch did not begin until 1967. 
The pr incipal purpose of this project is to collect and analyze various types 
of Illinois hail data with respec t to their ability to be used in evaluating any future 
hai l modification exper iments in Illinois or a r e a s of s imi la r c l imate. Such data 
and the resu l t s will also have value in suggesting proper designs of hail modifi-
cation projects , as well as providing a wide range of basic information on hail . 
This project consis ts of four major phases : 1) r ada r -ha i l comparat ive 
investigations using past data and that m e a s u r e d in 1967 and 1968 hail seasons ; 
2) development of hail recording ins t ruments ; 3) c l imatologica l -s ta t i s t ica l inves-
tigations of h i s tor ica l hail data; and 4) studies of surface hail pat terns using vari-
ous types of data. Phases 1 and 2 a r e both concerned with the need to develop 
new measur ing devices for hail , whereas Phases 3 and 4 a r e concerned with pro-
viding background data on the natura l variabi l i ty of hail . Analysis re la ted to 
each phase is in p r o g r e s s , and some of the pert inent resu l t s at this t ime a r e 
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presen ted in this repor t . Extensive radar and hail data w e r e collected on 55 hail 
days in the Apri l -September 1967 period. 
This repor t is comprised of t h r e e sect ions, and the f i rs t desc r ibes the 
major activit ies accomplished under each phase of the project , as well as a l is t 
of project personnel . The second section p resen t s r e su l t s of t h r e e studies con-
cerning surface hail in Illinois, and the final section contains copies of six papers 
published during 1966-1967 that a r e pert inent to many of the previous r e s e a r c h 
studies for the Associat ion. These papers , authors , and the journals in which 
they were published a r e l i s ted below. Paper number 3 contains information of 
pa r t i cu la r importance to much of the p r io r r e s e a r c h done for the Associat ion 
(1, 2, 3, 4, 5, 6). 
1. "Effect of Lake Michigan on Severe Weather, " by S. A. Changnon, pub-
lished in the Proceedings of Ninth Conference on Great Lakes Research . 
2. "Note on Recording Hail Incidences, " by S. A. Changnon, published in 
the Journal of Applied Meteorology. 
3. "Method of Evaluating Substation Records of Hail and Thunder, " by S. A. 
Changnon, published in the Monthly Weather Review. 
4. "Area l -Tempora l Variat ions of Hail Intensity in Ill inois, " by S. A. 
Changnon, published in the Journal of Applied Meteorology. 
5. "Crop-Hai l Intensit ies in Centra l and Northwest United States , " by S. A. 
Changnon and G. E. Stout, published in the Journal of Applied Meteorology. 
6. "Areal Variations in Corn-Weather Relations in Illinois, " by S. A. Changnon 
and J. G. Neill, published in Transac t ions of Illinois Academy of Science. 
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HAIL PROJECT INVESTIGATIONS 
Radar-Hai l Investigations 
A la rge portion of the project act ivi t ies to date have largely concerned reno-
vation and modification of the two r ada r units, the initiation and organizat ion of 
all potential sources for providing surface hail data for the comparat ive analysis , 
and the collection of extensive radar and surface hail data in the Apr i l -September 
1967 period. These surface hail data also served as input into the fourth phase 
of the project . The radar study a r ea includes most of Illinois within an 80-
naut ica l -mi le radius of the r ada r instal lat ion at the Survey 's Meteorology Lab-
oratory located 6 miles south of Champaign-Urbana (Figure 1). 
The CPS-9 (PPI) 3-cm radar was renovated with the installat ion of a re-
placement antenna drive sys tem and a new electronic control sys tem to provide 
the gain-s tep and antenna tilt operations requ i red for the echo-reflect ivi ty 
analys is . This r adar data is being used to a sce r t a in what percent of all echoes 
(s torms) with high reflectivi t ies at var ious heights a r e associa ted with surface 
hail. The CPS-9 radar became operational on 16 April 1967. Scope photo-
graphic data w e r e collected on 72 days, and on 39 days hail occur red within the 
study a rea . This radar data is being direct ly t r a n s f e r r e d from film to punch 
cards using an Oscar char t r eader to m e a s u r e the echo outlines. A computer 
p r o g r a m under development will map for each echo the a rea l extent of the 
various reflectivity levels at different elevations. The surface hail data will 
also be fed into the computer and the p r o g r a m will identify and plot the hail 
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occur rences that a r e associa ted with high reflectivity echoes. An example of 
this type of analysis is shown in F igure 8f. 
A TPS - 10 (RHI) 3 - cm radar was also recondit ioned with rebuil t antenna 
drive sys tems , a new scope camera , and new electronic controls including gain-
step controls . Fa i lu re to receive var ious components on schedule prevented 
placing the TPS - 10 in operation until September 1967. The p r i m a r y purpose 
of the RHI (range-height- indicator) r ada r -ha i l study will be to d i scern any echo 
cha rac t e r i s t i c s that identify s to rms which produced surface hail . Among the 
cha rac t e r i s t i c s planned for analysis a r e the elevation of f i r s t echoes, growth 
ra te of echo tops, growth downward of high level echoes, echo volume and re-
flectivit ies at various elevations, maximum echo tops, and duration. These 
echo cha rac te r i s t i c s will be compared with those from non-hail producing 
s t o r m s . Excellent RHI radar and hail data were collected on 26 September 
and a r e current ly under analysis . 
As a par t of this radar investigation, all past RHI film records available 
in the 1953 - 1965 per iod have been carefully scanned for dates with hai l within 
range of the radar . These dates w e r e identified f rom CHIAA reco rds and 
U. S. Weather Bureau hail r e c o r d s . Attempts have been made to identify 
all echoes known to have been ha i l -p roducers with attention given to obtaining 
complete life h i s to r ies of these s t o r m s . To date, 33 such echo cases have 
been discerned and a r e under study. An example of some analysis of 3 RHI 
echoes on 25 April 1954 is shown in F igure 2. The echo (storm) that produced 
hail f i rs t appeared at a much higher alti tude than did two other s to rms in that 
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area , and hail fell 16 minutes after the s to rm echo f i rs t appeard. All 3 echoes 
had approximately equal l i fet imes , but the tops of the non-ha i l s to rms exhibited 
l ess initial growth than did the ha i l s to rm echo. 
Hail Recording Instrument 
The second phase of the project concerns the development of hail recording 
ins t ruments for installat ion in field networks where hail modification experiments 
a r e planned. The purpose of this r e s e a r c h and development is to produce an 
instrument that 'will r eco rd each hailfall occur rence and furnish quantitative 
data on the hail c h a r a c t e r i s t i c s . 
To proper ly design such ins t ruments , past hail data collected from a s e r i e s 
of detailed field studies of Illinois ha i l s to rms were reviewed carefully. In 
addition, an e laborate questionnaire relat ing to needs for hail ins t ruments was 
prepared , and answers were secured from 30 hail sc ient is ts . F r o m these an-
swers and the study of the detailed hail pa t te rns and thei r surface character-
is t ics , it was concluded that hail gages for hail modification p rog rams would 
need to r eco rd a value for each hailfall that would equate to crop and /o r pro-
perty losses . 
The design c r i t e r i a set forth to obtain this objective measu remen t indicated 
that the ins t rument would need to: 1) record each occur rence to the nea re s t 
minute, 2) be able to r eco rd at least th ree separa te ha i l s to rms between ser-
vicing, 3) operate without a 110-volt, outside power source , 4) m e a s u r e the 
total energy and /o r momentum produced by each hailfall, 5) furnish a count 
of the number of hai ls tones , 6) m e a s u r e stones ranging from ¼ inch to 3 inches 
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in diameter , and 7) be producible at a cost sufficiently reasonable to allow the i r 
widespread instal lat ion in l a rge hail study a r e a s . I t was a l so recognized that 
m o r e sophist icated hail ins t ruments that would collect s tones for analys is would 
be des i rable for some field studies of hail , but such ins t ruments would be con-
siderably m o r e expensive. 
After the seven c r i t e r i a for the hai l gage design w e r e delineated, s eve ra l 
potential designs w e r e considered. Ideas on potential ins t rumenta t ion w e r e 
sought from seve ra l other hai l scient is ts and weather ins t rument exper t s . The 
power and cost l imitat ions set forth in our design c r i t e r i a general ly e l iminated 
any recording devices involving the use of cameras or sonic sensing uni ts . 
Two of the ins t rument plans that evolved were cons idered worthy of final 
design and construct ion. One of these hail gages, which opera tes like a ballis-
tic pendulum, has been completed (Figure 3). It was f ie ld- tes ted in the August-
October 1967 per iod and operated successfully in one light hailfall which did not 
produce damage to nearby c rops . Work has been discontinued on the second 
ins t rument . 
Glimatological Investigations 
The purpose of this phase of the project is to provide var ious s ta t i s t ica l 
m e a s u r e s of the na tura l variabi l i ty of surface hail over var ious sized a r e a s and 
for different per iods of t ime . Resul ts will be p resen ted in various formats de-
signed to match potential seeding exper iments as to s ta t i s t i ca l design, size 
of a rea , and durat ion of experiment . Two forms of h i s t o r i ca l data have been 
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collected and a r e current ly under analys is . 
In five a r e a s of Illinois, groups of U. S. Weather Bureau f i r s t - o rde r stat ions 
and cooperat ive substations, each with 30 ye a r s or more of rel iable hai l -day 
r eco rds , have been identified (Figure 4). Data for these a r e a s a re cur rent ly 
being computer-analyzed to establ ish s ta t i s t ica l m e a s u r e s of the a r ea l var iabi l i ty 
for the number of summer and annual hail days in 1-, 2-, 3 - , 5-, and 10-year 
per iods . Final resu l t s will be presented to show the frequencies of hai l days and 
durations of exper iments needed to reveal significance for continuous types of 
seeding p r o g r a m s , for t a rge t -cont ro l types of seeding approaches, and for ran-
dom seeding exper iments . 
The second form of h i s to r ica l hail data under study consis ts of 20-year 
r ecords of daily crop-hai l insurance losses in Ill inois. Four different a r e a s 
where liability is uniformly high have been identified (Figure 5). The daily data 
(dollar los ses , a c r e s damaged, and percent of crop damage) for these a r e a s a r e 
being analyzed in much the same manner as descr ibed for the U. S. Weather 
Bureau hai l -days data. Detailed listings of individual paid losses in Illinois 
over the 1948-1967 period have been provided by the Associat ion. The data on 
these l ist ings pertaining to the four regions of high liability have been identified, 
separate ly l isted, and entered on punch cards for subsequent s ta t is t ical ana lyses . 
Since the amount of c rop- loss is one of the most likely means of evaluating 
the resu l t s of a hail modification p r o g r a m in well-developed agr icul tura l a r e a s , 
the resu l t s obtained from the analysis of this uniquely long and detailed sample 
of c rop- loss data should provide very meaningful information. 
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Studies of Surface Hail 
The pro jec t ' s fourth phase concerns the collection and analysis of surface 
hai l data with respec t to i ts use in verifying modification efforts. Surface hai l 
data, pa r t i cu la r ly on the t ime and place of occur rence , a lso a r e an essen t ia l 
input for the 1967 and 1968 r a d a r - h a i l detection study (Phase 1). Climatological 
ana lyses of these data will furnish knowledge of the mean and ex t reme values of 
the s ize, shape, motion, and duration of ha i l s to rms , as well as information on 
the i r a r e a l - t e m p o r a l re la t ions on given s to rm days. Such information is a lso 
needed to determine adequate s izes for hai l study a r e a s and the density require-
ments for recording hail gages. 
Data collected from all past field studies of Illinois ha i l s to rms a r e a pa r t 
of the data sample. However, a l a rge volume of surface hai l data for th is analy-
sis was collected in 1967 in the 29-county (18, 440 square miles) study a r ea in 
ea s t - cen t r a l Illinois (Figure 1). 
The major hail data source that has been developed is a network of volunteer 
o b s e r v e r s that became operat ional on Apri l 1, 1967. A total of 3000 f a r m e r s 
s ca t t e r ed throughout the study a r e a were asked to se rve as obse rve r s and 1325 
agreed, furnishing a density of one obse rve r pe r 14 square mi l e s . Thei r 766 
mai led repor t s in the Apr i l -September per iod indicated that hail occu r r ed on 
55 days. Identical network operat ions in this same a r e a in past ye a r s sampled 
24 hai l days in 1959, 20 in 1960, 28 in 1961, and 35 days in 1962. Additional 
valuable data were collected from these obse rve r s through 431 telephone calls 
to those who did not repor t hail when others around them repor ted hail . Data 
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on no-hai l occurrences a r e of equal value in this study. 
All the crop-hai l insurance companies w e r e contacted to secure special hail 
data in the 29-county study a rea , and all agreed to cooperate . During the 1967 
crop season, adjusters supplied 68 special r epor t s from claimants on t ime of 
hail occurrence , other hailfall cha rac t e r i s t i c s , and the amount of crop loss . 
Worksheets of the adjus ters a r e a lso being supplied by the insurance companies . 
Within the study a rea , the State Water Survey operated two dense raingage 
networks . The Eas t Centra l Illinois Network has 49 recording gages in 400 
square m i l e s , and the Kankakee Network had 16 recording gages in a 300-square-
mile a r e a (Figure 1). All the gages w e r e modified to r eg i s t e r the t ime of hai l 
occur rence (if the hail produced a s ignature on the rainfall t race) , and at each 
gage si te in the Eas t Central Illinois Network, a foi l -covered pass ive hail indic-
ator was instal led (7). The ra ingage-hai l pad data have proved quite valuable 
in detecting hailfalls that did not produce damage or were undetected by volun-
teer obse rve r s . 
Six "stool - type" pass ive hail indicators a lso were developed and instal led 
to form a 200-foot by 1100-foot rectangular mic ro-ne twork in a nearby r u r a l 
a rea . The polystyrene stools were wrapped in aluminum foil and allow estima-
tions of hailfall energies , the number of size of stones, the angle of fall, and 
the direct ion of fall. These data a r e being used to study shor t -d is tance vari-
ability of hailfall p a r a m e t e r s . Cer ta in resu l t s from the six s to rms that occur red 
on this network in 1967 a r e shown in F igure 6. Variabil i ty in the hai ls tone 
counts and direction of fall is shown in m o s t of the s t o r m s . 
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A hai l adjuster worked for the project in the 1967 crop season, and made 
detailed field studies of nearby ha i l s to rms on 12 June and 3 August. He also 
examined crop damages within the 400- squa re -mi l e ra ingage-hai l pad network 
to evaluate the degree of crop losses adjacent to each hail pad. A final source 
of data employed were the hail r epor t s of U. S. Weather Bureau cooperative 
obse rve r s in the study a rea . 
 
Personnel 
The personnel who have worked in 1967, e i ther ful l - t ime or pa r t - t ime , on 
the project a r e l i s ted below. The names and working t i t l es a r e sor ted according 
to the phase they were ass igned to. 
Projec t Supervisor Glenn E. Stout 
Pr incipal Investigator Stanley A. Changnon, J r . 
Phase 1 
Radar Supervisor Donald W. Staggs 
Radar Meteorologist Ronald E. Rinehart 
Radar Opera to r -
Meteorologist Neil G. Towery (until Dec. 31) 
Radar Opera tor -
Analyst Ebe rha rd H. G. Br ieschke 
Radar Maintenance Joseph C. Coons 
Graduate Student-
Analyst Susan M. Ting (until Oct. 1) 
Graduate Student-
Analyst Ruth A. Braham 1 , 2 
Phase 2 
Design Engineer Dr. Eugene A. Mueller1 
Design Consultant P ro fe s so r John E. P e a r s o n 1 (until Aug. 31) 
Shop Technician Ronald K. Tibbetts1 
Field Technician Oscar H. Anderson1 
Engineering Aide Michael Hall 1 ,2 
Certa in m e m b e r s of this group made significant contributions to the r e s e a r c h 
descr ibed in the following section of this repor t . Dr. Paul Schickedanz analyzed 
and summar ized much of the spring hail data from the network a rea . This repor t 
was p repa red under the direct supervision of Glenn E. Stout, Head of the Atmos-
pher ic Sciences Section, and under the genera l supervision of William C. Acker -
mann, Chief of the Illinois State Water Survey. 
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Phase 3 
Climatologist Dr. Paul T. Schickedanz 
Analyst Robert Kuehnau1 ,2 
Analyst Kr i s ten S. Hagen 1 , 2 
Phase 4 
Meteorologist Harold Q. Danford (until Nov. 1) 
Analyst Edna M. Anderson 
Analyst Karen W. Stepper1 , 2 
Hail Adjuster John Hornaday1 
Analyst Pamela J. Collins1, 2 
1 = P a r t - t i m e 
2 = Student 
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SURFACE HAIL PATTERNS AND RELATED PARAMETERS 
Introduction 
The collection of detailed surface hail data in South Dakota during Projec t 
Hailswath and in Illinois over a per iod of 8 ye a r s has provided information to 
model surface hai l pa t t e rns . The collection of such mesosca l e data is a t i m e -
consuming, difficult effort, but these data a r e needed to evolve ha i l s to rm models , 
to provide p a r a m e t e r s for use in verifying hail modification exper iments , and to 
study any regional (climatic) differences in h a i l s t o r m s . 
This section of the repor t 1) p re sen t s detailed information on ha i l s t reaks 
(areas of continuous hail occurrence) and associa ted rainfall as measu red in a 
dense ra ingage-hai l network in Illinois; 2) indicates the a r e a l extent of crop -
damaging hail defined by different densit ies of surface m e a s u r e m e n t s ; 3) com-
p a r e s I l l inois-hai ls treak cha rac t e r i s t i c s with those in South Dakota, and 4) dis-
cusses some of the ramificat ions of the findings for those developing ha i l s to rm 
models and planning hail modification exper iments . 
Data on 170 ha i l s t reaks occurr ing in a 400- sq -mi a r e a in centra l Illinois 
during Apri l -September 1967 have been analyzed with the assoc ia ted rainfall 
data to present quantitative m e a s u r e m e n t s on the a r e a l - t e m p o r a l relat ionships 
between ha i l s t r eaks , and between individual ha i l s t reaks and the i r assoc ia ted 
rainfall amounts and pa t te rns in the same s t o r m situation. This analysis also 
has provided means and ex t remes for ha i l s t r eak s izes , motion, duration, ori-
entation, and assoc ia ted synoptic weather conditions. 
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To study the a r e a l extent of damaging hail and the effect of sampling density 
on the measuremen t of the a r e a l extent, 11 yea r s of c rop- loss insurance data 
for individual s to rms in 1000- and 4000-square -mi le a r e a s of eas t e rn Illinois, 
where the a rea with liability has exceeded 85 percent of the total a r ea , were 
analyzed. The average and ex t reme a r ea l extents of damaging hail on s t o r m -
day and seasonal bas is were calculated for sampling densit ies ranging from one 
observation point per 0. 25 square mi le to one point for 9 square m i l e s . 
Data collected on six hail days during June-July 1966 in southwestern South 
Dakota provided s ta t is t ics on 82 ha i l s t reaks (averages and ex t remes of length, 
width, duration, and motion) occurr ing in an a r ea of 3000 square mi l e s . Simi-
la r data, but much m o r e detailed, have been collected for 63 ha i l s t reaks in 
Illinois during the 1960-1967 per iod using data from dense networks of r a i n -
gages and hailgages, field surveys , and cooperative hail o b s e r v e r s . The char-
ac te r i s t i c s of ha i l s t reaks in these two a r e a s were compared to d i scern differ-
ences between the orographic type s to rms in South Dakota and the non-oro -
graphic ha i l s to rms in Illinois (8). 
In the final port ion of this section, the relevant resu l t s of these studies 
of surface hail pa t terns a r e reviewed for thei r application in basic studies 
of ha i l s to rms and in the design and verif icat ion of hail modification exper iments . 
Hai l s t reaks in a 400-square -mi le Area of Eas t Centra l Illinois 
Hail data from the Apri l -September 1967 period in a 400-square -mi le a r e a 
were used to derive envelopes of hail occur rence (hai ls t reaks) at the surface, 
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and the 170 ha i l s t reaks defined were mapped along with the i r assoc ia ted rainfall 
pa t t e rns . The data were obtained from 49 recording raingages modified to re-
cord hailfalls (7), 49 1-sq-ft pass ive hail pads, and 86 volunteer hai l obse rve r s 
(Figure 7a). This density of 135 hail s i tes provided detai led data on ha i l s t r eaks 
and on the relat ions between hail and rain. 
During the Apri l -September period, t h e r e were 26 d iscre te per iods with hail , 
and these occur red on 27 calendar days. One hail per iod occur red on 2 calendar 
days, 26-27 July. There were 9 periods in April , 4 in May, 4 in June, 5 in July, 
2 in August, and 2 in September (Table 1). 
The grea tes t number of ha i l s t reaks on one day was 20 on 21 April , and the 
fewest was 1 s t reak on 17 April and on 12 June. Other days with severa l hail-
s t reaks included 9 June with 18, 11 May with 15, and 5 April with 13. 
The a r e a l extent of hail for the 6-month period was 1, 358 square mi les 
(Table 1). Days with extensive hail included 5 April with 199 square mi les (or 
half the network), 21 Apri l with 142 square mi les , 11 May with 144 square mi les , 
and 9 June with 155 square m i l e s . 
Maximum hailstone d iameters m e a s u r e d during each of the 26 hail per iods 
revea led that eight per iods had maximums of only 1/8-inch, ten per iods had 
¼-inch s tones , one period had 3/8-inch, t h r ee per iods had ½-inch maximum 
stones, one had 5/8-inch, one had 3/4- inch, one had 7/8-inch, and one had 2-
inch s tones . Thus only 7 of the 26 per iods produced stones of ½-inch or l a rge r . 
The per iods of significant hail, as defined by 3/4- inch or l a rge r hailstone s izes , 
were 21 April , 28 May, and 8 June. Crop-damaging hail occur red on six days, 
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Table 1. Charac te r i s t i c s of Hai l s torms in East Centra l 
Illinois Network in 1967 
Sq 
Date W 
4 April 
5 April 
12 April 
13 April 
17 April 
21 April 
23 April 
29 April 
30 April 
8 May 
11 May 
18 May 
28 May 
8 June 
9 June 
10 June 
12 June 
17 July 
18 July 
19 July 
23 July 
26 - 27 July 
18 August 
26 August 
18 September 
26 September 
ua re Miles 
ith Hail 
14 
199 
63 
29 
50 
142 
Cannot Measure 
5 
4 
66 
144 
64 
120 
26 
155 
24 
6 
33 
13 
33 
58 
29 
11 
8 
33 
29 
Number of 
Hailstreaks 
3 
13 
4 
2 
1 
20 
3 
2 
5 
15 
4 
12 
6 
18 
9 
1 
10 
4 
8 
6 
3 
3 
3 
6 
9 
Maximum Hailstone 
Diameter , Inches 
1/8 
1/2 
1/4 
1/8 
5 /8 
2 
1/8 
1/4 
1/8 
1/4 
1/2 
3 /8 
7 / 8 
3 / 4 
1/2 
1/4 
1/4 
1/4 
1/8 
1/4 
1/4 
1/4 
1/4 
1/8 
1/8 
1/8 
Crop 
Damages 
No 
No 
No 
No 
No 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
Yes 
Yes 
Yes 
No 
No 
No 
Yes 
No 
Yes 
No 
No 
No 
TOTALS 1358 170 
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on four of these days the l a rges t hai ls tones that fell were ¼-inch in d iameter . 
Examples of complex hail pa t t e rns . The str iking fea tures of the daily ha i l -
s t reak pa t te rns w e r e thei r complexity and variabi l i ty . Frequently, severa l dif-
ferent ha i l s t r eaks occur red over the same a r ea or its proximity in per iods of 2 
hours or l e s s . The re a lso was a tendency for hail to occur in the same a r e a for 
a period of seve ra l days; 8-12 June 1967 was such a per iod. 
During this period, a s tat ionary front was located about 200 mi les north -
west of the network with a 500-mb trough over Il l inois. Hail occur red in the 
network on 4 days of the 5-day period, and the daily ha i l s t r eak pa t te rns a r e 
shown in F igure 7. On 8 June, 6 ha i l s t r eaks occur red in a 50-min period, and 
thei r delineation was made possible only by the detailed t empora l data avai lable . 
No crop damage was repor ted , but on 9 June, 18 ha i l s t r eaks in 1. 7 hours pro-
duced some damage (3 to 10% to soybeans). Nine much sma l l e r s t r eaks occur red 
on 10 June with one producing 10 percent damages to beans . On 12 June, a 
single ha i l s t reak occurred , but 3 percent damages to beans were produced. 
On 11 June, hail fell near the network. The only pe r s i s t en t feature through-
out the 5 days was the genera l direct ion of s to rm movement . A composi te of 
34 ha i l s t reaks in the per iod (Figure 7e) i l lus t ra tes the difficulties in separa t ing 
the a r e a s with hail if daily t ime data were not available. 
Figure 8 i l lus t ra tes the complexit ies of ha i l s t r eaks in a 1. 3-hr s t o r m 
period on 28 May. These s to rms occur red in a squall line associa ted with a 
slow-moving cold front. F igure 8 shows the 5 s t reaks in the s t o r m ' s f i rs t 40 
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minutes , and F igure 8b, the 7 in the last 32 minutes . Succeeding maps on Figure 
8 for the total s t o r m i l lus t ra te that 5 s t reaks overlapped. The map of stone 
( d i a m e t e r — 0. 2 in) frequencies per square foot (Figure 8c) demonst ra tes that 
a la rge number of hailstones fell at a few points in a ha i l s t reak, but that many 
other points had very few stones. The amount of energy and momentum of the 
hail per square foot measu red at the 49 pass ive pads revea ls that some hailfal ls 
were too slight to furnish measurab le values (Figure 8d-e). More important ly, 
at some si tes energy and momentum for each of the overlapping ha i l s t r eaks 
could not be separa ted because the pad data have no t ime resolut ion. Thus, if 
individual ha i l s to rm studies a r e to be made in a modification experiment , equip-
ment that will provide energy-momentum separa t ion between individual hail-
s t reaks will be needed. 
The capability of r adar for mapping surface hai l pa t te rns is i l lus t ra ted by 
data from the high-powered 3-cm rada r analyzed for the 28 May network hail-
s t o r m s . Echo envelopes (Figure 8f) represen t ing a r e a s t r a v e r s e d by echoes 
with a reflectivity of 6. 35 x 104 mm 6 /m3 at the 12, 000-to 15, 000-foot level show 
general ly good a r e a l relat ionship with the surface ha i l s t reak pat tern. The 
direct ion of movement of the s t reaks and echo cel ls a r e a lso in good agreement . 
General hailfall data. During the 6-month period the re were 170 ha i l s t r eaks 
in the network and 93 were completely defined within the Eas t Centra l Illinois 
Network. However, 50 of the 93 were based on only 1 point observation and 
hence many s t r eak charac te r i s t i c s were based on the remaining 43 where 2 or 
m o r e points had hail and the s t reak was defined in the network. A total of 359 
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point occu r rences of hail w e r e recorded during the 6-month period, and 271 
point r epor t s of no-ha i l -occur rence w e r e obtained from the 85 obse rve r s in the 
network. 
The diurnal variat ion of the point hai l occu r rences for the 6-month per iod in 
the 400-sq-mi a rea is shown in Figure 9. For ty- two percent of the hail activity-
occu r r ed in the 4 -hr period ending at 2000 CDT, which is normal ly the major 
per iod of convective activity. However, t he re is a lso a well-defined secondary 
peak at 0000 CDT, which is s imi la r to one found in a cl imatological study of 
May-October c rop-hai l insurance r eco rds (9). 
The 6-month point frequencies of hail occu r rences a r e shown in F igure 10a. 
The grea tes t var ia t ion is between the high and low a r e a s in the cent ra l pa r t of 
the network, where point frequencies vary f rom a low of 3 hailfalls to a high of 
14 a c r o s s a distance of only 3. 5 mi les . This type of var iabi l i ty adds great ly to 
the problems involved in verifying the r e su l t s of a hail modification exper iment . 
The a r ea s with adjusted c rop-ha i l losses in the 6-month period a r e shown in 
F igure 10b. This pa t te rn shows that ve ry few of the many hailfalls produced 
damage, and in only one a r e a did damaging hail occur twice in 1967. This was 
not typical of a r e a s surrounding the network (McLean and Macon counties) where 
considerable c rop- loss occu r r ed in 1967. 
The duration of a ha i l s t r eak was defined as the t ime interval between the 
f i r s t and last appearance of hai l for those 43 s t r eaks totally contained within 
the network and with 2 or m o r e points of occur rence . This es t imate of durat ion 
is conservat ive, since the extent of many ha i l s t r eaks is slightly longer than that 
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Table 2. Hail and Rain Statistics for April-September 1967 Period in Network 
Number of hailstreaks in different classes 
Duration of hailstreaks, min 
0-1 2-3 4-5 6-7 8-9 10-11 12-13 14-15 > 1 5 
3 5 5 6 7 5 4 2 5 
Direction of hailstreak motion, deg 
140- 160- 180- 200- 220- 240- 260- 280- 300- 320- 240-
159 179 199 219 239 259 279 299 319 339 359 
1 0 0 2 7 33 36 32 6 9 1 
Speed of hailstreaks, mph 
1-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-90 
0 4 9 8 8 5 2 3 3 
Speed of leading edge of rain with hail, mph 
1-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 >80 
1 16 21 12 15 4 4 1 1 
Time intervals between point beginnings of rain 
and hail within hailstreak, minutes 
0 1-10 11-20 21-30 31-40 41-50 51-60 >60 
Least difference 79 52 23 6 5 11 3 
Greatest difference 52 63 30 11 8 2 1 3 
Average duration of point rainfall in hailstreaks, minutes 
1-10 11-20 21-30 31-40 41-50 51-60  >60 
63 44 27 8 12 10 5 
Average point rainfall in hailstreaks, inches 
.01-. 10 . 11-. 20 . 21-. 30 . 31-. 40 .41-. 50 . 51-. 60 >. 60 
73 27 12 20 11 7 20 
Maximum point rainfall, inches 
. 01-10 . 11-. 20 . 21-. 40 .41-. 60 . 6l-. 80 >. 81 Average 
In hailstreaks 55 34 32 19 11 18 0.33 
In associated 
rain cells 22 33 22 18 15 35 0. 50 
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derived from the 135 fixed sampling points. The average duration was 8. 5 min-
utes and the median was 8 minutes , and as shown in Table 2, only 5 s t reaks per-
sis ted longer than 15 minutes . 
Spatial re lat ions between ha i l s t r eaks were de termined for h a i l s t o r m sys tems 
having 2 or more s t reaks occurr ing within 1 hour . The average min imum distance 
between any two ha i l s t reaks was 3. 2 mi l e s , whereas the average maximum dis-
tance was 12. 7 mi l e s . 
The direct ions from which the ha i l s t r eaks moved a r e shown in Table 2 for 
the 127 s t reaks for which direction could be asce r t a ined accura te ly . Directions 
of movement var ied f rom 140° (SE) around through 345° (NNW), but the most 
prevalent direct ion was in the 260-279° sector (west). The ha i l s t r eaks in the 
sp r ing -ea r ly summer season moved most frequently in the 240-259° sector 
(WSW), whereas those in middle and late summer moved mos t often from the 
WNW (280-299°). 
The length and width of the 93 ha i l s t r eaks contained in the network were 
determined. The average length was 5. 8 mi les and the average width was 1. 4 
mi l e s . The lengths var ied from 1. 6 to 15. 1 mi les and the widths from 0. 4 to 
4. 0 mi l e s . The mean a rea l extent of the ha i l s t r eaks based on the average 
lengths and widths was 8. 1 square mi l e s . The ave rage spring ha i l s t reak , 
with an average length of 8. 1 mi les and width of 1. 9 mi les , was considerably 
l a r g e r than the average summer s t reak, which had a length of 4. 3 mi les and 
width of 1. 1 mi les . 
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Hai l - ra infal l re la t ions . Several measu remen t s were made of these relation-
ships using maps of the ha i l s t reaks and thei r assoc ia ted rainfall pa t t e rns . The 
ha i l s to rm rainfall at a point was defined as that "burs t" of ra in defined by signifi-
cant changes in the rainfall ra te before and after the hailfall . The h a i l s t o r m - r a i n 
sys tem was defined as that rainfall a c ros s the network assoc ia ted with 1 or more 
comtemporary ha i l s t r eaks . 
The leading edge of h a i l s t o r m - r a i n sys tems had an average speed of 32. 3 
mph with a maximum of 64 mph and a minimum of 10 mph. Results in Table 2 
indicate that most ra in sys tems moved forward in the 12-30 mph interval , and 
the median value was 28 mph. The spring ha i l - r a in sys tems moved at an average 
speed of 34. 5 mph. 
To eliminate potential e r r o r s , the speeds of ha i l s t r eaks were computed only 
for those 42 that had a l inear extent a c r o s s 3 or m o r e sampling points. The 
average ha i l s t r eak speed was 43. 1 mph, whereas the speed of the leading edge 
of the ra in sys tems with these 42 s t reaks was 38. 7 mph, or 4. 4 mph slower than 
the ha i l s t reak . This difference suggests that the hai l shaft (core), on the aver-
age, moves forward faster than i ts associa ted ra in core , and thus during i t s 
la te r life is c loser to the front edge of the ra in sys tem. 
All available point data for each of the 170 ha i l s t r eaks were used to compute 
the shortest and longest t ime intervals between the beginning of ra in and begin-
ning of hail for sampling points within each s t r eak (Table 2). This was con-
sidered neces sa ry because the forward edge of many s t r eaks had speeds dif-
ferent from that of thei r associa ted rainfall. In such s t r eaks , hail began many 
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minutes after the ra in s t a r t ed at some points, but some hai l began with the r a in at 
other points in the same s t reak . In 79 of the s t r eaks (46%) there was at leas t one 
point within the s t reak where the hai l occur red with the beginning of ra in . The 
values for longest in tervals m e a s u r e d (Table 2) indicate that in 55 s t r eaks the 
la tes t hail initiation began 10 minutes or m o r e after the ra in s tar ted . In 52 of 
the 170 ha i l s t r eaks , the ra in and hail synchronized at all sampling points . The 
median t ime of the shor tes t r a in -ha i l in terval was 2 minutes and that of the long-
est interval was 8 minutes . 
Sixty-five percent of the 170 ha i l s t r eaks occur red in the m a t u r e stages of 
rainfall cel ls , but in spring 70 percent w e r e in ma tu re ra in cells and 54 percent 
of the s u m m e r s t reaks were in the m a t u r e stages of ra in ce l l s . Seventeen per-
cent of the ha i l s t reaks occu r r ed in the formation stages of ra in cel ls , and 18 
percent with the dissipating stage. The ha i l s t r eaks were further classif ied accord 
ing to the i r location with r e spec t to the core of the i r assoc ia ted rainfall cell . 
Twenty-five percent of the 170 s t reaks were on the left, 34 percent in the center , 
21 percent on the right flank, 15 percent had no associa ted core (flat pat tern) , and 
5 percent could not be classif ied. 
Data from all ha i l s t r eaks w e r e used to calculate the average duration of r a in 
at the raingages within each hai l cell (Table 2). The mean of these averages was 
23. 3 minutes and the median was only 15 minutes . Durations ranged from 2 min-
utes in one s t reak to a high of 76 minutes . 
Due to the possibil i ty that the amount of rainfall may be a l t e red when hail sup-
press ion is at tempted, the amount of rainfall which occur red with the hail was 
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i n v e s t i g a t e d . T h e a v e r a g e point r a i n f a l l in t h e h a i l s t r e a k s w a s 0 . 27 inch , w i th a 
m e d i a n of 0. 15 inch . As shown in T a b l e 2, t h e m a x i m u m point r a i n f a l l v a l u e in a 
h a i l s t r e a k t ended t o b e l o w e r than tha t o c c u r r i n g wi th t h e a s s o c i a t e d r a i n ce l l . 
T h e p e r c e n t a g e o f the t o t a l A p r i l - S e p t e m b e r r a i n f a l l a s s o c i a t e d wi th h a i l - p r o -
ducing s t o r m s y s t e m s a l s o w a s d e t e r m i n e d for 4 n e t w o r k r a i n g a g e s s e l e c t e d a t ran-
dom. As shown in T a b l e 3 , the r a i n t ha t fel l when h a i l a c t u a l l y o c c u r r e d a t t h e 
s e l e c t e d po in t s a v e r a g e d 20 p e r c e n t o f t h e 6 - m o n t h t o t a l r a in f a l l a t t h e s e p o i n t s . 
The r a i n p r o d u c e d a t t h e s e gages b y r a i n s y s t e m s tha t a l s o p r o d u c e d h a i l t h e r e 
o r a n y w h e r e e l s e in t h e n e t w o r k a v e r a g e d 35 p e r c e n t o f t h e t o t a l 6 - m o n t h r a i n f a l l . 
T a b l e 3 . P e r c e n t a g e of A p r i l - S e p t e m b e r Ra in fa l l 
O c c u r r i n g wi th H a i l - P r o d u c i n g S y s t e m s 
P e r c e n t of t o t a l r a in f a l l a t gage 
p r o d u c e d b y h a i l s t o r m - r a i n s y s t e m 
4 - g a g e 
A B C D a v e r a g e 
When ha i l fe l l at gage 25 22 11 20 20 
When h a i l fe l l a n y w h e r e 
in n e t w o r k 39 39 32 29 35 
R e l a t e d synop t i c cond i t i ons . A b r i e f synop t i c a n a l y s i s of s u r f a c e cond i t ions 
a s s o c i a t e d wi th t h e 118 h a i l s t r e a k s i n t h e A p r i l - J u n e p e r i o d w a s m a d e f r o m 12-
h o u r s u r f a c e w e a t h e r c h a r t s . Mos t s y s t e m s w e r e a s s o c i a t e d wi th w a r m f ront 
cond i t ions (Tab le 4) . However , t h e g r e a t e s t n u m b e r s o f h a i l s t r e a k s o c c u r r e d 
wi th s t a t i o n a r y f ron t s and wave c e n t e r s (31% and 27%), w h e r e a s only 20 p e r c e n t 
o f t h e s t r e a k s o c c u r e d wi th w a r m f r o n t s . 
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Table 4. Synoptic Weather Conditions Associa ted 
With Hail Systems and Hai l s t reaks 
Between 
Warm " Cold Sta. Wave Converging 
Front Front Front Center F ron t s 
Number of hail 
sys tems 9 5 5 6 3 
Number of hail-
s t reaks 24 11 37 33 13 
The various hai l and ra in p a r a m e t e r s associa ted with each of the synoptic 
c l a s ses w e r e determined. Notable r e su l t s included: 1) ha i l s t r eak and ra in cel l 
movements with s ta t ionary fronts were noticeably slower than those with other 
c l a s se s ; 2) rain and hail init iations were near ly always simultaneous with cold 
fronts, but quite widely separa ted under s tat ionary front c a se s ; 3) ha i l s t reaks 
pe r s i s t ed longest with s ta t ionary and w a r m front conditions; 4) average rainfall 
and rain duration in ha i l s t r eaks was leas t with cold fronts and grea tes t with sta-
tionary; and 5) cold front ha i l s t r eaks were the l a rges t and 3 t imes l a rge r than 
those with s ta t ionary fronts (the smal les t ) . 
Effect of Sampling Density on Areal Extent of Damaging Hail 
Two square-shaped a r e a s in cent ra l Illinois, one compris ing 4000 square 
mi les and the other 1000 square mi les located inside the l a r g e r a rea , we re 
chosen for this study because the insurance liability within them exceeded 85 
percent of the total a r ea over an 11-year period. Maps for each s to rm day w e r e 
p repa red showing the actual a r e a s of paid losses using all the available insurance 
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data which represen ted a sampling density of 4 location points per square mi le . 
Transparen t over lays at the same map scale with evenly-dis t r ibuted points repre-
senting observation sites with densit ies of 0. 5, 1. 0, 3. 0, and 9. 0 square mi les 
were placed on each damage map to de termine the a rea of damage per s t o r m day 
for each density. 
The average number of s to rm days pe r a rea , as defined for each sampling 
density, is shown in Table 5. In the 1000-square mile a rea , a density of 1 point 
per 0. 25 square mile, on the average, detected twice as many days with damaging 
hail as did one point in 9 square mi les . In one yea r (1953), the 1000-square-mi le 
a r e a had 21 damaging hail days, as defined by one observation point per 0. 25 
square mile, whereas a density of one point per 9 square mi les detected damag-
ing hail on only 7 days. 
The average values for the a r ea l extent of damaging hail on s t o r m days also 
shows a considerable var iat ion with sampling density (Figure 11). In the 4000-
square -mi le a rea , 16, 000 sampling points (36 points per 9 square miles) indicated 
that the average daily a rea l extent of damaging hail was 36. 1 square mi les , where-
as 445 points (1 point per 9 square miles) m e a s u r e d only 6. 3 square mi les of dam-
aging hail . 
The seasonal averages in Table 5 were expressed as percentages of the total 
damaged hail a rea , as defined by 4 points per mile , and these values appear in 
Table 6. On the average, a hail network with a density of one point per 9 square 
mi les in a 1000-square mile a r ea m e a s u r e s 11 percent of the actual a rea of 
damaging hail in a season. In one year , this density m e a s u r e d a high of 13 per-
cent and the 1-year low was 8 percent . 
Table 5. Frequency of Damaging Hai l s to rm Days and Variat ions in Area l Extents of Damaging Hail in 
1000- and 4000-Sq-Mi-Regions, as Defined by Different Sampling Densities 
Number of square mi les for each sampling point 
Number of s to rm 
per season 
Average 
Maximum 
Minimum 
Number of square 
damaged per s torm 
Average 
Maximum 
Minimum 
Number of square 
damaged per seas 
Average 
Maximum 
Minimum 
days 
mi les 
day 
mi les 
son 
9
6 
14 
1 
4 .5 
21 
0 
27 
75 1 
3 
1000-
3 
10 
19 
3 
6.1 
51 
0 
59 1 
44 3 
6 
sq -mi 
1
 11 
20 
3 
11.0 
156 
0 
23 1 
16 5 
13 
region 
0. 5 
12 
21 
4 
15. 
200 
0 
92 
.18 
20 
9 
0. 25 
13 
21 
4 
18. 3 
218 
1 
237 
575 
27 
4000-sq-mi region 
9 3 1 0.5 0.25 
11 16 17 18 19 
22 25 28 29 29 
5 6 7 9 9 
6. 31 10. 7 22. 6 31.0 36. 1 
76 242 713 856 913 
0 0 0 0 1 
69 174 385 560 680 
208 501 911 1002 1098 
17 52 98 169 186 
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T h e v a l u e s in T a b l e s 5 and 6 i n d i c a t e t h e e r r o r s a s s o c i a t e d wi th d i f fe ren t 
d e n s i t i e s o f point h a i l m e a s u r e m e n t s . T h e r e s u l t s a l s o i nd i ca t e t ha t a n e t w o r k 
c o m p r i s e d o f 1 o r 2 o b s e r v a t i o n s i t e s p e r s q u a r e m i l e i s n e c e s s a r y to a d e q u a t e l y 
m e a s u r e t h e a r e a l ex ten t o f d a m a g i n g h a i l . 
T a b l e 6 . P e r c e n t of To ta l A r e a of Damag ing Ha i l in Two Reg ions M e a s u r e d by 
Different D e n s i t i e s of O b s e r v a t i o n P o i n t s Dur ing a C r o p S e a s o n 
P e r c e n t o f d a m a g e d a r e a for g iven n u m b e r 
of sq mi p e r s a m p l i n g point 
1 0 0 0 - s q - m i r e g i o n 4 0 0 0 - s q - m i r e g i o n 
A v e r a g e 
H i g h e s t 
L o w e s t 
9 
11 
13 
8 
3 
25 
30 
20 
1 
67 
75 
62 
0 . 5 
85 
91 
80 
9 
10 
13 
9 
3 
26 
28 
23 
1 
70 
77 
64 
0. 5 
86 
96 
81 
C o m p a r i s o n of I l l ino i s and South Dakota H a i l s t r e a k s 
I n f o r m a t i o n on 63 I l l inois h a i l s t r e a k s w a s ob t a ined f r o m 18 d i f ferent hail-
s t o r m days o c c u r r i n g in the M a r c h - A u g u s t s e a s o n s of 8 y e a r s . Many of t h e s e 
h a i l s t r e a k s p r o d u c e d c o n s i d e r a b l e c r o p d a m a g e . T h e I l l inois da ta w e r e d e r i v e d 
f r o m c o m p r e h e n s i v e f ie ld s u r v e y s (one o b s e r v a t i o n p e r s q u a r e m i l e ) , c o o p e r a t i v e 
h a i l o b s e r v e r s , and f r o m r a i n g a g e s and h a i l p a d s in d e n s e n e t w o r k s . . Data for 
82 h a i l s t r e a k s in South Dakota w e r e d e r i v e d f r o m h a i l s t o r m s on 6 days in J u n e 
a n d July 1966. The s u r f a c e da ta c o l l e c t e d in South Dakota w e r e b a s e d on a h a i l 
p a d n e t w o r k wi th a d e n s i t y of about 1 o b s e r v a t i o n p e r 20 s q u a r e m i l e s and on 
l i m i t e d f ie ld o b s e r v a t i o n s by P r o j e c t H a i l s w a t h p e r s o n n e l (10). I t should be r e -
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al ized that the cha rac te r i s t i c s of the South Dakota ha i l s t r eaks were der ived from 
much less detailed data and a shor te r sampling period than the Illinois data. 
The available ha i l s t reak data for speed, direction of motion, duration, 
length, mean width, and location with respec t to the assoc ia ted rainfall core a re 
summar ized in Table 7 (8). Compar ison of the average values shows that the 
1966 South Dakota ha i l s t r eaks a r e 33 percent fas ter , 34 percent longer- l ived, and 
41 percent longer in length than those in Il l inois. However, the Illinois ha i l s t r eaks 
a r e 17 percent wider. The p re fe r r ed d i rec t ion of motion of ha i l s t reaks in both lo-
cations is from the WSW, although the re is a minor maximum at WNW in South 
Dakota. The percentages i l lus t ra t ing positioning of ha i l s t reaks with r e spec t to 
rainfall cores indicates very lit t le geographical difference with a p re fe rence for 
the ha i l s t r eak to be located in the rainfall co re . Although the average and median 
values of these various cha rac t e r i s t i c s vary considerably between the two loca-
tions, the ex t reme values shown a r e general ly comparable . 
The average values for speed, duration, length, and width, and the model 
values for direction of motion and ra incore location shown in Table 7 were used 
to construct models of the ha i l s t reaks common to South Dakota and Illinois 
(Figure 12). The a r e a l extent of the average ha i l s t reak in South Dakota is 35 
square mi les , as compared to 29 square mi les for that in Illinois. 
As a further comparison, examples of days with widespread hail activity 
in both s ta tes a r e shown in F igures 13 and 14. The hai l pat terns a r e ve ry com-
plex, showing widely varying ha i l s t reak s izes and repeated hailfalls in some 
a r e a s . Wide spread hail activity in we s t e rn South Dakota is general ly with 
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T a b l e 7 . C h a r a c t e r i s t i c s of H a i l s t r e a k s in I l l ino i s and South Dakota 
P e r c e n t o f To ta l H a i l s t r e a k s i n V a r i o u s C l a s s I n t e r v a l s 
Speed, m p h 
6-15 16-25 26-35 36-45 >46 A v e r a g e Med ian M a x i m u m M i n i m u m 
S. Dakota 0% 2 32 36 30 38. 3 38 54 21 
I l l ino i s 13% 34 27 10 16 28.8 26 60 8 
D i r e c t i o n of m o t i o n 
SW WSW W WNW NW NNW N 
South Dakota 27% 27 2 22 13 4 0 
I l l ino is 11% 31 23 19 11 3 2 
Dura t ion , m i n u t e s 
1-10 11-20 21-30 31-40 > 4 1 A v e r a g e Median M a x i m u m M i n i m u m 
S. Dakota 13% 29 27 22 9 2 6 . 9 25 65 5 
I l l ino i s 34% 26 16 10 14 20. 1 16 65 4 
Leng th , m i l e s 
1-5 6-10 11-15 16-20 21-25 26-30 >30 A v e r a g e Med ian Max. Min. 
S. Dakota 5% 27 30 18 7 7 6 1 5 . 2 14 48 4 
I l l ino i s 13% 56 17 6 4 2 2 10. 8 9 40 3 
Mean width , m i l e s 
0. 5 - 1 . 4 1. 5 -2 . 4 2. 5 - 3 . 4 3. 5 -4 . 4 4. 5 - 5 . 4 > 5 . 5 Avge . Med. Max. Min. 
S. Dakota 33% 44 17 4 2 0 2. 3 2. 0 5. 4 0. 4 
I l l ino i s 14% 40 18 12 11 5 2. 7 2. 2 6. 9 0. 5 
L o c a t i o n t o r a i n c o r e 
To left of c o r e In c e n t e r To r i gh t of c o r e 
South Dakota 21% 44 35 
I l l ino i s 28% 42 30 
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a single w eather sys t em which produces a s e r i e s of near ly para l le l ha i l s t r eaks 
(Figure 14) that occur in a period of 5 hours or l e s s . Widespread hail activity 
in Illinois frequently is more prolonged (over an 8- to 16-hr period) and often 
is assoc ia ted with 2 hai l -producing weather s y s t e m s . For instance, the SW-NE 
or iented ha i l s t r eaks (Figure 13) were produced in the w a r m sector of a wave 
center , whereas the w e s t - e a s t oriented s t reaks occurr ing after 1700 CST were 
assoc ia ted with a cold front. Close examination of the detailed t empora l hai l 
data revea l s a tendency for ha i l s t r eaks to init iate along lines oriented at right 
angles to the i r di rect ion of motion. This could be expected in South Dakota be-
cause of lee-of- the-mounta in effects from the Black Hills, but the Illinois hail-
s t r eaks also i l lus t ra te this pulsation and tendency for formation as thunder-
s to rms pass through the same a rea . 
Ramifications of Findings 
Many of the findings have applications in the design and verif ication of 
hail modification pro jec t s . Pr incipal among these findings is information 
which re l a t e s to the design of the. study a r e a s including the i r shape and size, 
and to the density and frequency of the surface observat ions within the a r ea . 
The average Illinois ha i l s t reak dimensions, about 3 by 10 mi les , and 
the a r e a l extent-densi ty resu l t s both indicate that a modification project de-
pendent on surface r e su l t s for verification, e i ther on a s to rm, daily, or sea-
sonal seeding bas is , would requi re at leaist 1 measu remen t per square mi le , and 
preferably 2. 
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The sizes of a l l ha i l s t reaks and the p r e f e r r ed direct ions of movement sug-
gest that the shape of a study a r ea should be the sector of an annulus with a 45-
degree a r c oriented along a WSW-ENE line (Figure 15). The minimum dimen-
sion along the radius of the annulus would be 20 mi les and the length of the inner 
a r c would be 10 mi les , forming an a r ea of 360 square mi les . Such an a r e a would 
provide a 10-by-20 mile sampling a r e a for ha i l s t reaks oriented SW-NE, WSW-
ENE, or W-E. Such a length would be sufficient to completely m e a s u r e 92 per-
cent of the lengths recorded for Illinois ha i l s t reaks and 80 percent of those in 
South Dakota, assuming they began at the wes te rn edge of the a r ea . An a r c of 
this size would sample 56 percent of the ha i l s t reak orientat ions in South Dakota 
and 65 percent of those in Illinois. A min imum-s ized a r ea of the type shown in 
F igure 15 obviously would not completely contain all the ha i l s t r eaks occur r ing 
in it. For instance, the square-shaped Illinois network of 400 square mi les fur-
nished complete m e a s u r e s of 55 percent of the 170 ha i l s t r eaks occurr ing in it, 
and in the two South Dakota study a r e a s of 1000 square mi les each, 42 percen t of 
a l l ha i l s t reaks detected were completely contained within them. 
The network examples of ha i l s t reaks r ecu r r ing in the same a r ea and at 
the same points on success ive days i l lus t ra te that if a ha i l - seeding project is 
being operated with "a day" as the exper imental unit, daily t ime resolut ion 
must be a feature of the surface hai l data. This requirement largely negates 
the use of ae r ia l photography and ae r i a l inf rared-sens ing techniques to collect 
surface hail data because they a r e incapable of separat ing daily ha i l s t r eak data 
in a situation of repeated ha i l s to rms over a per iod of consecutive days. 
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If seeding is approached on an individual cloud bas i s , then the network 
examples of repeated ha i l s t r eaks occurr ing in the same a r ea in per iods of 30 
minutes or l ess i l lus t ra te that a surface sampling network must furnish data 
with a t ime resolution of 1 min. This would negate use of pass ive hail rec-
ords . If the potential seed a rea is very la rge (over 400 square miles) , such resolu-
tion can be achieved sat isfactori ly only with a network of recording hailgages which 
can both separa te the ha i l s t r eak of the seeded s t o r m in t ime and space and furnish 
a m e a s u r e of its total hai l energy or m o m e n t u m (damage potential) . 
The nocturnal maximizat ion in point hail occur rences suggests that night-
t ime seeding operat ions may be n e c e s s a r y for a seeding project . Also, the net-
work data indicated that a project to suppress hail in the Apr i l -September 1967 
period would have been modifying rain sys tems producing between 29 and 39 per-
cent of the total rainfall at any point in the a rea . 
This r e s e a r c h has provided cer ta in other findings that add to our basic 
knowledge and have per t inence in ha i l s to rm modeling. On the average, the 
a r ea experiencing damaging hail in a single ha i l s to rm day in a 1000-square -
mile a rea of Illinois was found to be only 18 square mi les , or 2 percent of the 
a rea , and the la rges t s t o r m sampled caused damage on 218 square mi les , or 
22 percent of the 1000-square-mi le a r ea . The density of measu remen t points 
in an a r ea affects the number of ha i l s to rm days sampled as well as the a rea l 
extent of damaging hail . Sampling points located at a density of 1 per 3 square 
mi les normal ly will sample only 25 percent of the total a r ea of damaging hail. 
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The average ha i l s t reak in southwestern South Dakota is about 35 percent 
fas ter and longer (in both length and duration) than that in Illinois. The average 
Illinois ha i l s t reak is slightly wider and tends to move m o r e often from the WSW 
and west than do those in South Dakota which favor ei ther SW-NE or NW-SW 
motions . Hai ls t reaks in both a r e a s a r e mos t frequently located in the rainfall 
core of thei r associa ted s to rm with positioning on the right side of the core being 
m o r e frequent than on the left. The average size of ha i l s t reaks in Illinois is 29 
square mi les , but those studied have ranged from 1 to 122 square mi l e s . Those 
sampled in South Dakota have an average size of 35 square mi les with ex t remes 
ranging from 1 to 132. 
The study of 118 ha i l s t reaks in the raingage network revealed that w a r m 
frontal ha i l s to rms had slower speeds, longer intervals between initiation of 
ra in and hail , longer point durations of rainfall, and more rainfall than did 
cold frontal ha i l s t o rms . Stationary frontal ha i l s to rms had slower speeds, 
longer life h i s to r ies , longer durations of point rainfall , and m o r e rainfall than 
did s to rms of the other synoptic c l a s se s . 
The average ha i l s t reak defined by 6 months of data in the 400-square -
mi le network had a g rea te r speed, shor te r life his tory, and smal le r a r e a l 
extent than that of the 8-year Illinois sample. This resul ted because many of 
the network ha i l s to rms were of non-damaging c lass , whereas most of those 
studied by field surveys were la rge , damaging s t o r m s . For ty-f ive percent of 
the network ha i l s t reaks were not ent i rely contained within the network, and 
in many instances the network did not adequately m e a s u r e the l a rge r hai l -
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s t r eaks . Areas l a rge r than the 400- squa re -mi l e network a r e needed to study 
la rge ha i l s t r eaks and m o r e densely-gaged networks a r e needed to detect and 
adequately define all ha i l s t r eaks . 
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Figure 1. Areas from which 1967 
hail data was collected 
TIME FROM FIRST ECHO APPEARANCE, MINUTES 
Figure 2. Heights of tops and bases of RHI echoes in vicinity of Gibson City on 
25 April 1954 
Figure 3. Schematic of recording hailgage 
Figure 4. Areas for study of Weather Bureau hail days 
Figure 5. Areas for study of 
crop-hai1 losses 
Figure 6. Hailstone frequencies and angle and direction of hailfalls 
recorded on hailstools of micro-network in hailstorms of 1967 
Figure 7. Hail in East-Central Illinois Network during 8-12 June 1967 
a. June 8 b. June 9 
c. June 10 d. June 12 
TIME OF NUMBER OF 
NUMBER OF HAIL IN SQ Ml 
HAILSTREAKS NETWORK OF HAIL 
JUNE 8 6 1530-1620 26 
JUNE 9 18 1535-1720 155 
JUNE 10 9 1800-1930 24 
JUNE 12 1 1600-1620 6 
AVERAGE RANGE OF 
POINT HAILSTONE 
DURATION, SIZE, CROP 
min. INCHES DAMAGE 
JUNE 8 3 0.2 - 0.8 none 
JUNE 9 5 0.3 - 0.5 moderate 
JUNE 10 2 0.1 - 0.3 moderate 
JUNE 12 3 0.1 - 0.3 slight 
e. Number of occurrences of hail for the 
5 day period 
Figure 8. Hailstreaks on 28 May 1967 in East-Central Illinois Network 
a. Hailstreaks for 1600-1640 CDT b. Hailstreaks for 1641-1712 CDT 
e. Momentum in pounds-second f. Echo areas at 12,000 - 15,000-foot level 
with reflectivities of Z= 6.35 x 104 during 
1545 - 1655 period, and hailstreaks 
in same period 
TIME OF HAIL 
Figure 9. Time of hailfalls in East-Central Illinois Network 
during April-September 1967 
a. Number of point occurrences b. Areas with crop-damages from hail 
Figure 10. Hailfalls in East-Central Illinois Network during April-September 1967 
NUMBER OF SQUARE MILES 
PER SAMPLING POINT 
Figure 11 . Average area l ex ten t of damaging h a i l 
on a h a i l s t o r m day in I l l i n o i s based on 
d i f f e r e n t dens i t i es o f sampling po in ts in 
1000- and 4000-square-mi le areas 
Figure 12. Models of hailstreaks based on 
average values 
SOUTH DAKOTA 
Figure 13. Hailstreaks in 10-hour period on 21 April 1967 
SIZE OF STREAKS 
1-HOUR PERIODS NUMBER OF SQUARE MILES TOTAL AREA OF 
CST HAILSTREAKS AVE MAX MIN HAIL, SQ Ml 
1201-1300 3 17 24 5 50 
1301-1400 30 8 26 2 236 
1401-1500 47 9 87 2 406 
1501-1600 22 8 39 2 182 
1601-1700 8 9 19 5 68 
1701-1800 8 5 10 4 38 
1801-1900 28 7 23 3 191 
1901-2000 32 11 35 3 354 
2001-2100 16 7 22 4 109 
2101-2200 11 7 11 3 76 
TOTAL 205 8.3 87 2 1710 
Figure 14. Hailstreaks in 1245-1545 MST period on 24 June 1966, in 
southwestern South Dakota 
r 
Figure 15. Minimum-sized area proposed 
for hail modification studies 
EFFECT OF LAKE MICHIGAN ON SEVERE WEATHER 
Stanley A. Changnon, J r . 
Illinois State Water Survey, Urbana 
Abstract. Recent mesometeorological studies based on a few individual storm 
cases have reported on various effects of Lake Michigan on convective systems. An 
investigation of the climatological patterns of thunderstorms and hailstorms has been 
pursued to ascertain the degree and type of change as well as the areal placement pro-
duced by lake effects on these forms of convection. Lake influences were found to af-
fect thunderstorm activity in all four seasons, with the greatest changes occurring in the 
summer and fall seasons. In the summer the lake reduces thunderstorms over the 
southern portion of the lake by more than 20%, but enhances thunderstorm activity in the 
northern lake area by 20%. During summer in the southern lake area, the lake in-
fluences actually increase nocturnal thunderstorm activity, but the 30 to 50% reductions 
in thunderstorms in the daylight hours cause a net summer reduction. In the fall the 
lake causes a 40% increase in thunderstorm activity in parts of lower Michigan, and al-
though this increase occurs throughout the day, it is most pronounced in the nocturnal 
hours. The lake's effect on the atmosphere is also realized in the areal distribution of 
hail storms in the spring, summer, and fall seasons. In summer the lake effects reduce 
hail frequency throughout lower Michigan with the largest reduction being 60% along the 
eastern lake shore. In fall the lake influences produce a striking increase in hail in 
lower Michigan. Ludington has 400% more hail days in fall than would occur without lake 
factors. 
INTRODUCTION 
As a part of a study of the effects of Lake Michigan on precipitation, 
quantitative information on the lake's effect on the occurence of thunderstorms 
and hailstorms has been obtained. Cursory examination of climatological data 
concerning areal distributions of these phenomena indicated the possible exist-
ence of a major lake effect. If this effect is truly significant, then it furthers 
our knowledge of the extent, degree, and means whereby the lake affects the 
atmosphere. Certainly, if a significant effect on thunderstorm and hailstorm 
frequencies were to be found, it would indicate that the lake exercises consid-
erable control on weather conditions since these phenomena are the most ad-
vanced stages of the convective process. 
Using data from individual case studies, Pearson (1958), Stout and Wilk 
(1962), Polensky, * and Lyons (1966) have shown that Lake Michigan strongly 
affected many summer convective systems that were approaching and crossing 
the lake. Left unanswered were questions concerning the degree and areal 
placement of this observed summer influence as well as questions concerning 
the lake effect on severe weather in seasons other than summer. 
This paper presents results of a climatological study made to assess the 
degree and significance of the lake effect on these two severe weather phe-
nomena, thunderstorms and hailstorms. Average monthly and seasonal patterns 
of thunderstorm days and hail days are shown, and relevant features are dis-
cussed and interpreted. The degree of lake effect is measured in several dif-
ferent ways through adjustment of the values to data from non-lake affected 
locations. The degree of lake effect is also investigated on a seasonal and di-
urnal basis using data for 6-hr periods. Most of the raw data employed in 
*G. W. Polensky. The Chicago WSR-57 radar plans and first impressions. Typed rep., 
U.S. Weather Bur., Chicago. 9 p. 1964. 
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FIG. 1. Number of thunderstorm days in an average 10-year period. 
c. SUMMER (JUN.-AUG.) d. FALL (SEP.-NOV.) 
b. SPRING (MAR.-MAY) o. WINTER (DEC.-FEB.) 
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this study were derived from First Order station 40-year statistics published 
by the U.S. Weather Bureau (1947). In the analysis, lines were drawn across 
the lake based solely on the data from land stations. 
FINDINGS 
Thunderstorms 
Mean Patterns. Average thunderstorm patterns for the four seasons are 
shown in Fig. 1. In the winter season (December-February) a rather uniform 
latitudinal distribution is evident in the Wisconsin, Illinois, and Indiana area. 
However, a ridge appears in the pattern along the western portion of lower 
Michigan, suggesting that Lake Michigan produces some added thunderstorm 
activity in winter. Figure lb also indicates the existence of a general latitudi-
nal distribution of thunderstorms in spring (March-May), but a southward de-
pression of the isoceraunics (lines of equal thunderstorm frequency) in the 
area around the lower half of Lake Michigan suggests some retardation of 
thunderstorm activity due to lake effects. 
The summer season (June-August) pattern (Fig. 1c) indicates considerable 
lake effect on thunderstorm distribution. In the area around the southern half 
of the lake a definite reduction in thunderstorm-day frequencies is apparent. 
Furthermore, the ridge in the pattern around the upper half of the lake sug-
gests increased activity due to lake effects. The fall season (September-No-
vember) pattern shown in Fig. 1d strongly suggests a lake-induced increase in 
thunderstorm frequencies throughout most of lower Michigan, over the lake, and 
in extreme northeastern Wisconsin. 
The net result of the seasonal patterns and their reflections of varying 
lake effects on thunderstorm distribution is shown in Fig. 1e. This annual 
average pattern of thunderstorms indicates a southweard displacement of the 
isoceraunics over and around the southern half of the lake. It also indicates a 
northward displacement of the isoceraunic lines in the area comprising the 
northern half of Lake Michigan. 
Since the lake effects appear to be most pronounced in the summer and 
fall thunderstorm patterns, most of the findings presented hereafter concern 
data for these two seasons. Figures 2 and 3 show the average thunderstorm 
patterns for 6-hr periods in summer and fall, respectively. 
Diurnal Patterns. The early 6-hr period of the day in summer (Fig. 2a) 
has a pattern that suggests lake-induced increases in thunderstorms in the 
western portions of lower Michigan. The midmorning (0600-1200 CST) pattern 
reveals a reverse situation with a trough in the pattern extending down the 
eastern side of the lake. The afternoon pattern (Fig. 2c) reveals a major re-
duction in thunderstorm activity along the western side of lower Michigan and 
lesser but evident reductions throughout the lake area and over land areas on 
both sides of the lake. The evening 6-hr period (Fig. 2d) in summer has a 
pattern similar to that for the other nocturnal period, both indicating increased 
frequencies along the western shore of lower Michigan as well as over and 
around the upper half of the lake. 
The reduction in summer thunderstorm activity in the two daylight 6-hr 
periods is reasonable since the lake is relatively cool and obviously acts as 
a major suppressor of convective activity. The relative high frequency of sum-
mer thunderstorm activity in the nocturnal hours in the upper and eastern lake 
and environs suggests that the lake increases and strengthens convective activ-
ity at night in the summer. Average temperature of the lake water at night is 
higher than the average nocturnal minimum summer air temperatures so that 
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FIG. 2. Number of summer thunders torm days in 6-hour per iods during an average 10-
year period. 
the lake becomes a heat source during the nocturnal hours, and thus reason-
ably could be expected to amplify convection. As shown in Fig. 1c, the net lake 
effect in summer is to reduce thunderstorm activity in the area around the 
southern half of the lake and to increase the activity in the northern half. 
The four 6-hr thunderstorm patterns for the fall season are depicted in 
Fig. 3. The pattern for the early period of the day (Fig. 3a) indicates lake-in-
duced increases throughout much of lower Michigan, although a small low ap-
pears in the Grand Haven area. A similar increase throughout much of the 
lake area, northeastern Wisconsin, and lower Michigan is apparent in the 0600-
1200 CST period. However, a minor low in incidences appears in the south-
western lake and adjacent area. 
In the fall afternoon period (Fig. 3c) the lake continues to amplify thun-
derstorm frequencies, especially in central lower Michigan and around the 
northern lake and its perimeter. The nocturnal period beginning at 1800 CST 
a. 0000 - 0600 CST b. 0600-1200 CST 
c. 1200-1800 CST d. 1800-2400 CST 
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a. 0000-0600 CST b. 0600-1200 CST 
c. 1200-1800 CST d. 1800-2400 CST 
FIG. 3. Number of fall thunderstorm days in 6-hour periods during an average 10-year 
period. 
has a thunderstorm pattern which is quite similar to that shown for the noc-
turnal period beginning at 0000 CST. In the 1800-2400 period the lake appar-
ently produces increased thunderstorm activity in lower Michigan and to a 
lesser extent over the northern half of the lake. An apparent lake-induced 
area of lower incidences again appears at Grand Haven. 
The four 6-hr patterns for the fall season reveal that lake influences 
which act to increase thunderstorm activity persist throughout the day, al-
though increases produced in the nocturnal hours are somewhat greater per-
centagewise than those in the daylight hours. This fall increase is also wide-
spread in each 6-hr period so that much of Michigan, the lake, and portions of 
extreme northeastern Wisconsin experience additional lake-induced thunder-
storm activity. Such increases are not unexpected since during much of the 
fall season the lake is quite warm in relation to air temperatures and since 
the lake may also serve occasionally as a significant source of moisture. 
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a. AVERAGE NUMBER OF SUMMER THUNDERSTORMS 
WITH NO-LAKE EFFECT 
b. INCREASES AND DECREASES IN THUNDERSTORM 
DAYS ATTRIBUTED TO LAKE EFFECTS 
FIG. 4. Summer thunderstorm 
patterns based on an average 
10-year period. 
c. LAKE-PRODUCED INCREASES AND DECREASES IN 
THUNDERSTORM DAYS EXPRESSED AS A PERCENT 
OF THE VALUES BASED ON NO-LAKE EFFECT 
Adjusted Patterns. The thunderstorm data were adjusted by several 
techniques to define further the lake influence on thunderstorms and to obtain 
a better measure of the degree and areal extent of this influence. An average 
thunderstorm distribution map for each season was developed using all available 
data except that from stations on or near the lake shorelines. In some seasons 
data for stations as much as 75 miles downwind of the lake were excluded because 
lake influences on the thunderstorm frequencies were suspected. 
Such an average thunderstorm pattern developed for summer is shown in 
Fig. 4a. Comparison of this map with the actual pattern based on all the data (Fig. 
1c) reveals the extent of the areas of difference. A measure of these differences 
was obtained by overlaying the adjusted map on the actual pattern map. The re-
sulting residuals, presented in Fig. 4b, reveal that in the area encompassing the 
southern half of the lake there are 10 to 40 fewer thunderstorm days in a 10-
yr period as a result of lake effects. In the northern portion of the lake and 
its environs, lake-induced increases in thunderstorm days vary from 10 to 35 days. 
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a. AVERAGE NUMBER OF THUNDERSTORMS WITH NO-
LAKE EFFECT 
INCREASES IN THUNDERSTORM DAYS ATTRIBUTED 
TO LAKE EFFECTS 
FIG. 5. Fall thunderstorm 
patterns based on an aver-
age 10-year period. 
c. LAKE-PRODUCED INCREASES IN THUNDERSTORM DAYS 
EXPRESSED AS A PERCENT OF THE VALUES BASED 
ON NO-LAKE EFFECT 
Figures 4b and 4a were then compared to obtain measurements of the percentage 
change in thunderstorm frequencies produced by the lake. This pattern (Fig. 4c) 
shows that maximum increases and decreases in the summer are both in excess of 
20%. The patterns of Figs. 4b and 4c reveal that the area experiencing decreased 
thunderstorm activity is somewhat larger than the area experiencing increases, 
but the magnitude of the differences is about the same. 
Figure 5 is a series of similar maps for the fall season. The average fall 
thunderstorm pattern based on data from stations with no lake influences (Fig. 5a) 
compared with the fall pattern based on all data (Fig. 1d) reveals the large areal 
extent of the lake influence. A map of differences between the two patterns (Fig. 
5b) shows that the effect is to increase thunderstorm days throughout much of 
Michigan and over much of Lake Michigan. The area of maximum increase, 25 
days, exists around Ludington and is almost as large an increase as that shown in 
the same area in the summer season (Fig. 4b). These fall increases were ex-
pressed as a percent of the values based on the existence of no-lake influences 
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FIG. 6. Increases and decreases in thunderstorm days due to lake effects in an average 
10-year period. 
(Fig. 5a), and the resulting pattern (Fig. 5c) reveals that lake effects in fall pro-
duced 50% increases in thunderstorm days over sizeable portions of the upper lake 
and environs. 
Similar adjustments were made to determine lake-induced changes in thun-
derstorm activity in the winter and spring seasons. In winter (Fig. 6a) a re-
stricted portion of western lower Michigan has between 1 and 3 thunderstorm days 
in a 10-yr period resulting from lake effects. In the spring season (Fig. 6b) lake 
effects reduce thunderstorms over the southern half of the lake but increase thun-
derstorm activity in northern portions of the lake and its environs. Winter and 
spring increases and decreases are relatively small in comparison with those 
measured in summer and fall. 
Decreases and increases in thunderstorm days occurring during an average 
10-yr period are shown in Fig. 6c. The lake effects produce up to 60 additional 
a. WINTER b. SPRING 
c. ANNUAL d. LOCATION OF PROFILES FOR FIGS. 7 ft 8 
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SOUTH PROFILE NORTH PROFILE 
FIG. 7. West-East profiles across Lake Michigan for summer thunderstorm 
days in an average 10-year period. 
thunderstorm days in the extreme northern portion of Lake Michigan and environs, 
whereas in the southern half of the lake, lake influences cause 40 fewer thunder-
storms than would be expected with no lake influence. 
Another expression of the lake effect on thunderstorms in summer and fall is 
presented in Figs. 7 and 8. The purpose of these cross-section graphs was to ob-
tain some actual measures of the lake effect in each 6-hr period, and to further in-
spect for lake effect differences between the upper and lower lake. Data from First 
Order stations that had a general west-east alignment across the upper and lower 
lake were selected to show the change in frequencies going east from a land station 
to lake-affected stations and on to a station with no lake effect. Location of 
the two profiles is depicted in Fig. 6d. 
The south profile, which extended to Lansing in summer (Fig. 7), clearly 
shows the major reduction in thunderstorm days at all lake stations in the two day-
light periods. The north profile across the lake shows decreases on both sides of 
the lake in these two daylight periods. Dashed lines labeled the climatological 
gradient connect the two no-lake-effect station values, and these have been placed 
on each graph to furnish some measure of the departures of lake-effect values 
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SOUTH PROFILE NORTH PROFILE 
FIG. 8. West-East profiles across Lake Michigan for fall thunderstorm 
days in an average 10-year period. 
from a gradient expected with no lake effect. In the two nocturnal periods in sum-
mer there is a suggestion of a slight decrease in activity on the west side of the 
lake along the south profile, but a definite increase occurs on the lake's east side, 
and in the early morning period this east-side increase is more pronounced than 
that in the evening nocturnal period. 
The profiles of activity in summer across the northern end of the lake for 
the two nocturnal periods indicate increases in thunderstorms on both side of the 
lake, and increases on the east side are much greater than those along the south 
profile. Summer total thunderstorm occurrences for both profiles are also shown 
on Fig. 7. The southern profile reveals the great reduction in thunderstorms that 
occurs on both sides of the lake, whereas in the north the lake effect in summer 
causes a minor reduction in activity on the west side but a moderate increase on 
the east side of the lake. 
Similar profile graphs prepared for 6-hr periods of the fall season are shown 
in Fig. 8. The easternmost station selected for the southern profile was Detroit, 
since Lansing appeared to have fall thunderstorm frequencies subject to lake influ-
ences (Fig. 3). 
The southern profile reveals that in fall the lake exercises very little control 
on thunderstorms on the west side of the lake, although there is some suggestion of 
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a slight reduction in activity during each of the three periods following 0600 
CST. Increases in activity appear on the east side of the lake in each of the 
four periods, but these increases maximize at different distances from the lake. 
In general, in the south, lake-produced nocturnal increases in fall tend to appear 
farther inland (Grand Rapids and Lansing) than those in summer. In fact, the 
fall total profile across the south end of the lake shows lake-effect decreases at 
the shoreline stations located on both sides of the lake. 
Northern-lake profiles in fall indicate lake-induced increases in activity 
occur on both sides of the lake in all four 6-hr periods. The impact of lake-
induced increases in thunderstorm activity in the fall is further revealed by 
the fact that the September frequencies at Ludington, Escanaba, and Sault Ste. 
Marie rank as the fourth highest monthly averages at each station. Throughout 
the rest of the lake area and the upper Middle West, September thunderstorm 
averages rank as the fifth largest and May averages rank fourth. 
To obtain point measurements of the seasonal amount of lake effect by 
6-hr periods, thunderstorm data from six stations around the lake were care-
fully compared with thunderstorm frequencies developed from no-lake-effect 
maps of seasonal averages and from similar maps drawn for the average per-
cent of total thunderstorms occurring in each 6-hr period. 
Table 1 shows the differences obtained in summer expressed as the num-
ber of thunderstorm days and as percentages. The large negative departures in 
days occur in the summer afternoon periods, and these are also the largest 
percentage departures. Thus, Lake Michigan in summer afternoon hours causes 
point reductions of up to 58% (Grand Haven) in thunderstorm activity and in-
Milwaukee 
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Grand Rapids 
Escanaba 
Ludington 
Chicago 
Differ 
10 yea 
adjust 
00-06 
- 1 
+10 
+13 
+3 
+10 
0 
ence in a 
rs betwe 
ed freque 
6-hour 
06-12 
-14 
-15 
-16 
-4 
-10 
-4 
verage number of days p e r 
en actual frequencies and 
ncies (no-lake effect) 
t ime per iods , CST 
Season 
12-18 18-24 total 
-9 
-52 
-30 
+25 
-24 
-13 
-8 -32 
+8 -49 
+13 -20 
+15 +39 
+23 - 1 
+2 -15 
Difference between actual frequency and 
adjusted (no-lake effect) frequency ex-
pressed as percent of adjusted frequencies 
6-hour time periods, CST 
Milwaukee 
Grand Haven 
Grand Eapids 
Escanaba 
Ludington 
Chicago 
00-06 
-2 
+29 
+37 
+10 
+25 
0 
06-12 
-30 
-33 
-35 
-13 
-25 
-11 
12-18 
-12 
-58 
-33 
+39 
-30 
-14 
18-24 
-14 
+18 
+29 
+43 
+57 
+3 
Season 
total 
-14 
-23 
-9 
+24 
-0.5 
-6 
creases of up to 39% 
(Escanaba). Nocturnal 
increases in thunder-
storm activity during 
the summer are sizea-
ble, with 43 to 57% in-
creases at Escanaba 
and Ludington, respec-
tively. At Ludington the 
increases in activity in 
the 0600-1800 period are 
a match for the decreases 
in the 1800-0600 period, 
so that the net change in 
summer thunderstorms 
is less than 1%. 
Table 2 contains 
similar data for the fall 
season. Although fall 
increases in number of 
thunder days are small-
er than those in summer, 
the percentage increases 
are often larger. Esca-
naba and Ludington both 
have 6-hr periods with 
increases greater than 
80%. Daylight period 
data for Chicago and 
Milwaukee suggest that 
TABLE 1. Changes in summer thunderstorm frequencies 
due to lake effects. 
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the lake serves to reduce 
activity on the lower west 
side of the lake in fall 
during these hours. Day-
time decreases in Chicago 
are matched by nocturnal 
increase, so that the net 
lake effect in fall on 
thunderstorm activity at 
Chicago is zero. In gen-
eral, lake-produced in-
creases in fall nocturnal 
periods are greater than 
those in daylight periods. 
Treating the sea-
sons as a total, data in 
Table 1 reveal that lake-
induced changes in sum-
mer range from 24% in-
creases to 23% decreases 
in activity. In the fall, 
produced effects range 
from no change to 47% 
increases at these six 
stations. 
Hailstorms 
Mean Patterns. The 
second phase of this cli-
matological investigation 
of severe weather dealt 
with the average areal distributions of hail days. Hail is a less frequent event 
than thunderstorms and is often considered to represent an even more ad-
vanced stage in the convective process. Interestingly, the lake influences af-
fect hail frequencies to a greater degree than they do thunderstorm frequencies. 
Average patterns for hail in the three seasons of greatest hail occurrence 
are shown in Fig. 9. Hail patterns are more difficult to assess for lake influ-
ences than thunderstorms, because hail patterns over the central United States 
do not always conform well with latitudinal variations. The summer hail pat-
tern in western Illinois (Fig. 9b) is one example. Thus, close assessment of 
the effect of Lake Michigan on hail incidence is not possible. 
The spring hail pattern (Fig. 9a) suggests a lake-caused minimum along 
the eastern shore of the lake. This would agree with the findings for thunder-
storms. The high centered in the interior portion of southern Michigan may 
also be a lake-induced feature, but there is no ready meteorological explana-
tion. A hypothesis for this increase can be offered since most spring hail-
storms in this area are associated with eastward-moving cold fronts. As these 
fronts move across the lake their low-level unstable layer is destroyed by the 
cold, stable lake which in turn reduces convective activity and hence hail oc-
currence on the east shore. However, once the cold air mass, which is now 
colder and more stable, moves inland over Michigan, a new unstable layer is 
developed which might cause new and even greater development of convection 
and hence hail over the interior of the state. 
The average summer hail-day pattern (Fig. 9b) reveals a distinct 
TABLE 2. Changes in fall thunderstorm frequencies due 
to lake effects. 
Difference in average number of day per 
10 years between frequencies and ad-
justed frequencies (no-lake effect) 
Milwaukee 
Grand Haven 
Grand Eapids 
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+3 
+1 
+6 
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+9 
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- 1 
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+7 
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-2 
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+1 
- 1 
+9 
+4 
+5 
0 
ST 
Season 
total 
+2 
+7 
+18 
+20 
+26 
0 
Differences between actual averages and 
adjusted (no-lake effect) averages ex-
pressed as percent of adjusted frequencies 
Milwaukee 
Grand Haven 
Grand Rapids 
Escanaba 
Ludington 
Chicago 
00-06 
+19 
+8 
+46 
+25 
+81 
+17 
6-hour 
06-12 
-15 
+67 
+33 
+87 
+50 
-8 
t ime peri 
12-18 
0 
+5 
0 
+50 
+39 
-8 
ods, CST 
18-24 
+5 
-5 
+50 
+33 
+31 
0 
Season 
total 
+3 
+11 
+30 
+47 
+47 
0 
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a. SPRING b. SUMMER 
c. FALL d. TOTAL 
FIG. 9. Number of hail days in an average 10-year period. 
diminishment of hail activity due to lake effects throughout most of lower Mich-
igan and over the lake. It appears reasonable to assume that without Lake 
Michigan most of this area would experience between 6 and 7 hailstorm days 
in an average 10-yr period. Thus, the actual values of 5 days or less in Mich-
igan represent decreases ranging from 20% in the eastern portions to as much 
as 60% in the area around Grand Haven. The eastward extension of the iso-
hail lines in the upper Michigan peninsula cannot be definitely assigned to lake 
effects since the continental climatological pattern, as revealed by the 10-day 
isoline on Fig. 9b, suggests a ridge of higher incidence extending into this 
general area. 
The fall pattern of hail days probably reveals lake effects more than any 
other seasonal map of hail or thunderstorms. In the non-lake-affected area of 
Wisconsin, Illinois, and Indiana the average hail-day values range from 2 to 3 
per 10 years. Thus, hail-day values greater than 4 shown throughout much of 
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lower Michigan and over the eastern portion of the lake represent increases 
deriving from lake effects. These values represent increases ranging from 50 
to 400% above the values expected with no lake influence. 
The resulting average annual hail-day pattern (Fig. 9d) is a composite of 
the various increases and decreases shown in the three seasons. The large 
fall season increases and more minor spring increases in lower Michigan pro-
duce an area of high incidences that 
extends southward from Escanaba to 
the lower boundary of the state. The 
lake-produced decreases in summer, 
particularly along the lake's eastern 
shore and over the southern portion 
of the lake, create a low incidence 
area in the annual hail pattern. 
The particular significance of 
lake-produced increases in hail days 
during fall was further investigated 
by examining individual monthly av-
erage hail-day values. Figure 10 dis-
plays iso-rank values for September 
and October based on a scaling in 
which the highest monthly average is 
assigned rank 1, the second highest 
value is rank 2, etc. 
As shown in the Wisconsin, Illi-
nois, and Indiana areas, September 
averages for hail days usually achieve 
a rank of seventh or eighth highest 
among the 12 monthly values. Lake-
produced hail incidences in upper and 
lower Michigan are sufficiently large 
in September to rank as the first or 
second largest monthly values. Fig-
ure 10b reveals that the October 
hail-day averages rank first at Lud-
ington and Sault Ste. Marie; without 
lake effects October hail-day fre-
quencies would have ranked seventh 
or eighth in this general area. This 
area of Michigan and another small 
one on the southeast side of Lake 
Erie are the only areas in the Mid-
dle West where September and Oc-
tober hail-day averages rank either 
first or second, and this fact further 
emphasizes the significance of lake 
effects on convective processes in 
the fall season. 
a. RANK OF SEPTEMBER AVERAGE 
b. RANK OF OCTOBER AVERAGE 
FIG. 10. Pattern of rank values based on 
monthly average number of hail days. 
CONCLUSIONS 
This study of the climatological patterns of thunderstorms and hailstorms 
definitely reveals that Lake Michigan exerts a considerable influence on these 
convective phenomena. The lake affects thunderstorm distributions in all four 
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seasons. In general, the lake produces increased thunderstorm activity in win-
ter, decreased activity in spring, decreased and increased activity in summer, 
and increased activity in fall. 
The lake effect in summer varies regionally. Over and around the north-
ern half of the lake a 10-yr period has from 10 to 35 additional thunderstorm 
days produced by lake effects, whereas in and around the south half of the 
lake, lake effects result in 10 to 40 fewer days of thunderstorms in 10 years. 
These maximum differences represent 20% changes from the number of thun-
derstorms expected if no lake effect existed. The lake's effect on summer 
thunderstorms also varies diurnally so that in the nocturnal hours the lake is 
producing increased thunderstorm activity on both sides of the lake in the 
northern portions and along the east shore on the southern half of the lake. 
In the summer season daylight hours the lake effect reduces thunderstorms 
throughout the lake area and environs, but in the northern lake area the re-
ductions in the daylight hours are less than the increases at night. 
In lower western Michigan the lake in fall produces an additional 25 
thunderstorm days over a 10-yr period, and this amounts to a 50% increase. 
Thunderstorm activity produced by lake effects is more widespread in fall 
than in summer; it spreads in the fall over part of the lake and much of 
lower Michigan. Lake effects in fall increase activity on both sides of the 
lake during most hours of the day, although there is an apparent lake-induced 
reduction in fall thunderstorms along the southwest shore of the lake during 
daylight hours. 
Annual distribution of thunderstorm days in and around the lake reveals 
that lake effects cause a maximum decrease of 4 days per year on the aver-
age in the southern half of the lake, which is 11% of the total expected with 
no lake influences. The maximum annual lake-produced increase is 6 thunder-
storm days per year on the average, occurring in the extreme northern por-
tion of the lake area. This increase is 25% above the no-lake-effect value of 
this area. 
The lake exhibits a considerable influence on the number and distribution 
of hail days in the spring, summer, and fall. Seasonal percentage changes in 
hail days resulting from lake effects are much greater than those found for 
thunderstorm days. In summer, hail days are reduced by 10 to 60% over much 
of lower Michigan. In the fall, lake effects cause increases of up to 8 hail 
days in 10 years in lower western Michigan, and these values are 400% larger 
than expected if Lake Michigan did not exist. The inhibiting effect of the lake 
on spring hailstorms along the eastern shore of the lake and across most of 
Michigan in the summer results in a reduction in the annual number of hail-
storms over much of the lake and the area surrounding the southern half of the 
lake. The fall season increases in hail days across Michigan plus those in spring 
in the interior of lower Michigan produce an increase in the annual number of hail 
days that extends southward from upper Michigan through the central part of Mich-
igan. 
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Note on Recording Hail Incidences 
STANLEY A. CHANGNON, JR. 
Illinois State Water Survey, Urbana 
27 May 1966 
A means of recording hail occurrences with existing 
field facilities has been found. Standard weighing-bucket 
raingages without evaporation funnels will record the in-
cidence of hail, and dense networks of such gages can 
provide data for portraying the areal extent, movement, 
and the time of hailstorms and their cells. Likewise, 
useful climatological data on hail could be obtained 
through the less dense hydroclimatic network of record-
ing raingages operated by the U. S. Weather Bureau 
throughout the nation. 
The Illinois State Water Survey operates several 
dense raingage networks in Illinois (Huff and Chang-
non, 1966), one of which is a 95-gage network covering 
a 1200-mi2 area in southern Illinois. This network com-
prises 72 standard weighing-bucket recording gages and 
23 standard stick gages, all with 8-inch orifices. Trained 
field men service the recording raingages, and paid 
observers measure the 24-hr totals at the stick gages. 
These observers also report certain weather conditions 
such as thunder, hail and snowfall. As a standard opera-
tional practice in the cold season, the evaporation fun-
 nels below the orifice in the recording gages are removed 
 to obtain more accurate measurements of snowfall. 
On 28 March 1965 a series of hailstorms passed over 
 portions of the southern Illinois network (Changnon, 
1966). Their incidence was reported by several of the 
stick-gage observers as well as by U. S. Weather Bur-
eau substation observers in the network area. During 
the routine rainfall analysis of the recording raingage 
charts for this period, interesting and unusual vertical 
marks, or 'spikes,' were found on the rainfall traces at 
several raingages. The time and location of these mark-
ings were compared with the time and location of the 
hail reports from the observers, and interestingly, a 
time-space agreement was found. This suggested that 
the vertical spikes on the recording charts were pro-
duced by hailstones which, in the absence of the evap-
oration funnels, had fallen directly into the weighing 
buckets. Thus, these spikes were a record of the time 
and incidence of the hail. Also, the deflection shown 
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FIG. 1. Hail cells number 1 and 2 on 28 March 1965. 
by the trace gave a measure of the impact velocity 
attained by the stones during the hailstorm. Further, it 
is possible that an estimate of the maximum impact ve-
locity could be attained from this record on the basis of 
the gage calibration characteristics. 
The map in Fig. 1 shows the outlines of two of the 
seven hail cells that occurred in the network on 28 
March. These surface paths, or envelopes, were con-
structed using both the. recording gage indications of 
hail and the observer reports of hail. All the gage charts 
from within these envelope areas indicated a hail spike. 
Times of hail occurrence allowed calculation of the 
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forward motion of the cells, and the time data made it 
possible to identify and separate the hail incidences in 
a 6-hr period into seven hail cells. 
Hail symbols are plotted on the map at those rain-
gages where the spikes were quite pronounced indicating 
the likelihood of larger hail, more hail, and a greater 
impact velocity. Observers at stick gages numbered 29 
and-32 (northeast end of cell 2) both reported falls of 
1/2 to 3/4 inch diameter hail during a 1-min span. 
An example of the hail spike recorded at gage num-
ber 62 (west end of cell 2) is shown in Fig. 2. The hail 
at this point fell at 1518 CST, which was also the onset 
of the rain that totaled 0.12 inch within about 2 min 
in this cell. The chart shows that subsequent rain began 
at 1536 and terminated at 1630. Rains that fell on days 
prior to 28 March are also partially depicted in Fig. 2. 
The deflections of the pen forming the spike occurred 
above and below the 1.22-inch trace, the position of 
pen at the start of the storm. 
Also indicated on Fig. 1 are the isohyets of rainfall 
associated with these two hail cells. Comparison of the 
isohyetal patterns and the hail envelopes indicates that 
the hail fell along the main axis of cell number 2, but 
along the right flank of cell number 1, a condition 
commonly observed in Illinois hailstorms (Changnon, 
1962; Changnon and Stout, 1964). The isohyetal and hail 
patterns indicate that cell number 1 was terminating as it 
entered the network from the southwest at a speed of 20 
mph. These data also show that cell number 2, which ap-
parently was a new cell developing downwind from cell 
number 1, moved from the southwest with a forward 
speed of 55 mph, as determined from the isochrones for 
the onset of hail. These storms were, occurring in a 
warm air sector just south of an east-west stationary 
front. 
After this initial discovery of hail spikes in the 28 
March case, - questions were raised as to whether the 
spikes were caused by hail, by the occurrence of strong 
downdrafts, or by both. To obtain more information, 
the evaporation funnels were not installed in the net-
work raingages during the April-September period of 
1965, and all the charts were examined for the occur-
rence of similar spikes when hail was not reported and 
when rain occurred. None were found. To further sup-
port the conclusion that these spikes were produced 
entirely or largely by hail, hailstorms on two other days 
as reported by the cooperative observers were found 
to have produced spikes in the nearby recording gages. 
More conclusive proof of the reality of the spike as 
a measurement of hail was obtained during a hailstorm 
on 28 April 1966 in central Illinois. This hailstorm 
occurred where the State Water Survey had a record-
ing raingage, a passive hail indicator (Wilk, 1961), and 
an Aerovane wind speed and direction recorder. The 
hail was visually observed, and two imprints of hail-
stones on the 1-ft2 foil-covered indicator measured about 
1/4 inch in diameter. The funnelless recording rain-
FIG. 2. Hail spike shown on the chart at raingage 62 
on 28 March 1965. 
gage with a 12-inch orifice recorded a hail spike, but 
it had a lesser deflection than that shown in Fig. 2. Of 
greatest significance was the fact that surface wind 
speeds before, during, and after the 1-min hailfall var-
ied between 4 and 8 mph, further proving that the 
spike was entirely a hail-induced record. A gust to 40 
mph occurred 30 min after the storm, but it made only 
a very slight fluctuation on the trace and was quite 
unlike the hail spike. 
Increasing national interest in hail is causing an 
initiation of field programs that will require many de-
tailed surface measurements of hailstorm parameters 
over large areas. Measurements in the near future will 
depend largely on detailed areal field surveys conducted 
after the storms, but eventually these research pro-
grams will certainly lead to the development of sophisti-
cated recording hail gages. Until such instruments can 
be developed, perfected and installed widely, the re-
cording raingages presently operating throughout the 
nation, including those in special dense networks, offer 
the possibility of collecting considerable information 
on the incidence of hail. Installation of the passive hail 
indicators near the raingages would provide additional 
hail data at very little added cost. 
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METHOD OF EVALUATING SUBSTATION RECORDS OF HAIL AND THUNDER 
STANLEY A. C H A N G N O N , JR. 
Illinois State Water Survey, Urbana, III. 
ABSTRACT 
Cooperative substation records of hail and thunder incidences have been used as a source of data to develop more 
accurate and detailed average patterns of these phenomena. Since the accuracy and completeness of records by 
volunteer observers are generally considered questionable, a method of determining accurate substation records of 
thunder and hail was devised. The evaluation method relies strongly on comparisons of substation dats with those 
from nearby first-order stations. The number of stations with accurate hail records was found to be greater than the 
number with accurate thunder records. Reliable records of both events in Illinois and surrounding States have 
provided very useful information. 
1. INTRODUCTION 
The U.S. Weather Bureau first-order stations are a 
source of accurate climatological data on days with hail 
and thunderstorms. These data have been used to 
analyze the point frequencies of these events [1], and to 
determine areal mean patterns [2]. 
However, first-order stations are too sparsely located 
to sample, and thus adequately describe, many of the 
significant areal variations existing in mean thunder and 
hail patterns in the United States. This is particularly 
true in areas with significant topographic features such 
as hills, mountains, and large lakes. Research in Illinois 
has shown that even in featureless flatlands, sharp areal 
variations in hail-day frequencies can occur across 50-mi. 
distances [3]. Information about such variations has 
practical value to agricultural and insurance interests, 
and is of general interest to atmospheric scientists. 
The many cooperative substations of the U.S. Weather 
Bureau are the only source of climatological data that 
could enable the development of more detailed and ac-
curate areal patterns of hail-day and. thunder-day fre-
quencies [4]. Many atmospheric scientists have not 
attempted to use these substation records, other than for 
temperature or rainfall data, believing that the volunteer 
observers were not reliable reporters of other weather 
conditions. 
A desire to obtain greater detail in the average thunder 
and hail patterns in Illinois led to a careful investigation 
of the quality of the substation records of hail [3] and 
thunder [4]. The weather records of 51 Illinois sub-
stations with relatively long records, 60 yr. or more, were 
available on punch cards [5], and machine-produced 
listings of thunder and hail days by years allowed a rapid 
examination of their general quality. These listed values 
plus those from 60 other substations with shorter records 
were compared with those for 11 first-order stations in 
and near Illinois. Upon comparison, it was obvious that 
some of the substations had periods of hail and thunder 
records with values quite comparable with those of the 
nearby "first-order stations. Further examination of 
these apparently "good" periods of record revealed tha t 
they were often associated with a period of observation 
by a particular volunteer observer. These good periods 
of record/Varied from only a few years at some stations to 
as many as 50 yr. at others. Frequently two or three 
good periods of record were found in different portions of 
the 60-yr. record of the substation. Thus, the possibility 
of assessing quality hail and thunder data in substation 
records had been determined. 
2. METHODOLOGY 
The first step in the evaluation procedure for a sub-
station was to compute and list the number of hail and 
thunder occurrences for each year, and to mark all the 
observer changes on this list. This list was then com-
pared with the listings for the one or two nearest first-order 
stations, and this comparison yielded periods of record at 
the substation when apparently "good" records of hail or 
thunder were made. In every instance, records that 
were here classified as not good, and thus eliminated from 
further analysis, were a result of too few reports of hail or 
thunder.    
Since these good records were frequently for short, 
10- to 20-yr., discrete periods of time during the 1901-63 
period, the data were adjusted to allow for any temporal 
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AVERAGE NUMBER OF THUNDERSTORM 
3 DAYS (SUBSTATIONS PLUS 
FIRST-ORDER STATIONS) 
NUMBER OF HAIL DAYS IN AN AVERAGE 
b  2 0 - Y E A R PERIOD (SUBSTATIONS PLUS 
FIRST-ORDER STATIONS) 
C AVERAGE NUMBER OF THUNDERSTORM DAYS (FIRST-ORDER STATIONS ONLY) d 
NUMBER OF HAIL DAYS IN AN AVERAGE 
2 0 - Y E A R PERIOD 
(FIRST-ORDER STATIONS ONLY) 
FIGURE 1.—Average thunderstorm-day and hail-day patterns for Illinois. 
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Variations in thunder and hail incidences. It should be 
remembered that the desired results from these substa-
tions were monthly, seasonal, and annual averages of hail 
and thunder occurrences that would be comparable with 
long-term averages of the first-order stations. Examina-
tion of the individual first-order station data had revealed 
considerable temporal variability in the occurrence of hail 
and thunder such that the numbers of hailstorms in some 
10-yr. periods were as much as 60 percent greater or less 
than the long-term average [3]. The temporal variation 
of these events is sufficiently great that accurate data for 
any particular 10- or 20-yr. period may provide a point 
average that is considerably above or below the true 
long-term average for that point. 
To obtain values to adjust for these sampling vagaries, 
10-yr. running totals of thunder and hail values were 
computed for the first-order stations, and these values 
were expressed as percentages of the long-term means. 
For instance, calculations for Moline, I11., revealed that 
the number of hail days in the 1906-15 period represented 
119 percent of the average, whereas the 1916-25 total was 
96 percent of the average. For each 10-yr. period isoper-
centile State maps based on data from all first-order 
stations in and around Illinois were prepared. 
Regional interpolation of these isopercentile maps fur-
nished the adjustment factors for the good periods of 
record at the substations. For example, if a substation 
had an apparently good period of hail records for 1926-35, 
the station's location was plotted on the 1926-35 isoper-
centile map and a percentage value was interpolated for 
it. All the 1926-35 monthly totals of hail days at the 
substation were then multiplied by this adjustment per-
centage, and the resulting numbers were those used in 
calculating the final averages. Each good period of data 
was adjusted according to the isopercentile value that 
applied to that specific period. 
Once the "good" records at a substation had been ad-
justed, the values were totaled and monthly averages 
were computed. Monthly maps of the averages for the 
first-order stations and the substations were plotted. 
Isopleth analyses of these monthly maps usually revealed 
that certain substation values were considerably larger 
or smaller than the values of surrounding stations. After 
all monthly maps had been so analyzed, a list was pre-
pared indicating the substations with apparently unrealis-
tic or erroneous monthly values. If a substation had 
these erroneous values in two or more months, the station 
data were considered inaccurate and deleted from further 
analysis. 
The final phase in the process of evaluating the sub-
station data was also based on the monthly averages. 
At each station the values of the four months with the 
highest averages were ranked, and the results plotted on 
a map. This map revealed regions in which most stations 
had a similar rank sequences such as (1) June, (2) May, 
(3) July, and (4) April. Stations with rank sequences 
significantly different from those at surrounding stations, 
particularly for the first and second rank values, were 
eliminated from further analysis as having unreliable 
data. The periods of "good" record remaining after this 
final stage of evaluation were considered accurate and 
acceptable for use in the final analysis of hail and thunder 
frequencies. In Illinois, 85 substations were found to 
have quality hail records for 15-yr. or longer periods, and 
18 substations had 15-yr. or longer good thunderstorm 
records. 
3. RESULTS 
The resulting patterns of average thunder days and hail 
days in Illinois are portrayed in figure la and lb, respec-
tively. Similar patterns based solely on the first-order 
station data appear in figure 1c and 1d. Comparison of 
the maps reveals the detail added by the substation data. 
On the more detailed hail map (fig. lb) , the substation data 
are shown to have been primarily responsible for detecting 
the existence of areas of relatively high incidence in 
southeastern, eastern, and extreme southern Illinois, as 
well as in a narrow trough extending from western Illinois 
toward Lake Michigan. The causes of the variations in 
the detailed hail and thunderstorm patterns in Illinois 
have been studied by Huff [6]. He found that the areal 
distributions of mean maximum temperatures, mean noon 
dew-point temperatures, normal rainfall, and the number 
of surface fronts together explained between 56 and 90 
percent of the variations in the hail and thunderstorm 
patterns. These findings strongly support the validity 
of the detailed patterns, and reveal that these patterns 
were largely determined by macroscale weather conditions. 
Similar analysis of hail-days in Iowa and Missouri has 
been performed with this evaluation technique [7], and 
currently the hail and thunder data in Indiana, Michigan, 
and Wisconsin are being evaluated in a study of the effects 
of Lake Michigan on severe weather [8]. 
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ABSTRACT 
Four forms of hail data in Illinois were analyzed to obtain indirect measures of the areal and seasonal 
variations in hail intensity. These data were also examined to ascertain which hail characteristics correlated 
best with crop damage. 
The frequency of intense hail in the crop season (May-October) was found to increase with time, reach-
ing a maximum in September. Insurance statistics indicated that corn damage from hail was usually greater 
in July than in the later months because corn was more susceptible to damage in July. Observations from 
a mesoscale network in central Illinois indicated that hailstone sizes and number (volume of ice) and dura-
tions of hailstorms related moderately well with crop-hail damage, but that strong surface winds were more 
closely related. Significant areal variations of hail intensity were found, with some portions of Illinois ex-
periencing intense hail six times more often than other areas. 
1. Introduction 
The lack of any systematic measurement of hail in-
tensity in Illinois coupled with the increasing need for 
such information, for both applied and scientific pur-
poses, led to a climatological study of data that could 
provide indirect measures of hail intensity. All known 
forms of hail data in Illinois were investigated and re-
sults compared to obtain measurements of the areal 
and seasonal variations in intensity. Another desired 
goal of this study was to delineate and quantify, if 
possible, the hailfall conditions that produce crop dam-
ages in Illinois. 
Hail intensity is here defined, in general, as the total 
impact energy during a hailstorm at a point. Thus, this 
intensity integrates the size and density of hailstones, 
the number of stones per unit area, the fall velocity, 
angle of fall, and the duration of hail at a point. 
Certain laboratory tests, field experiments, and theo-
retical calculations concerning the intensity of hail 
have been performed (Collins and Howe, 1964; Camery 
and Weber, 1953; Hella and Stoa, 1964; Hail Insurance 
Adjustment and Research Association, 1955), and these 
have provided measures of damage associated with 
varying hail sizes and to some degree with hail intensity. 
However, the only effect to obtain actual field measure-
ments of hail intensity over an area for any length of 
time was performed in northeastern Colorado during a 
5-yr hail modification project (Schleusener, 1963; 
Schleusener and Sand, 1964). 
Four sets of hail data from Illinois, each containing 
different indirect measures of intensity, were analyzed. 
One set of data was a detailed 20-yr record of all hail 
occurrences at a point. The second was based on de-
tailed observer reports of hailstorms in a central Illinois 
network. The results from these point and network data 
should have meaning in areas with a similar climate. 
The third set of Illinois data analyzed consisted of 
original Weather Bureau substation records of estimated 
intensity, and the fourth set consisted of detailed corn-
hail insurance records for Illinois. Both of these types 
of data are available for other states and provide a 
potential means for obtaining widespread estimated 
intensity information. 
2. Hailfalls at a point 
Data. In the 1946-1965 period detailed records on all 
hail occurrences at Urbana (Fig. 1) were kept. Maxi-
mum stone sizes, time of hail occurrence, duration of 
fall, and the maximum wind gust at the time of hail 
were measured. There were 99 hailstorms (Table 1), 
although in five instances two or more hailstorms oc-
curred on one day, resulting in hail on 91 calendar days 
which is more than the 60 days expected in an average 
20-yr period for Urbana (Changnon, 1963). Because of 
the infrequency of hail, the July (2 storms) and August 
(8 storms) data were grouped, as were the September 
(6 storms) and October (2 storms) data. 
Results. Twenty of the 99 hailstorms produced stones 
measuring over \ inch in diameter. Only 5 hailstorms 
produced stones over 1 inch and just 2 of these occurred 
in the crop growing season, May-October. The fre-
quency of \ inch or larger stones was expressed as a 
per cent of the total monthly hailstorms, showing 
relatively high percentages for April and the July-
October period. 
The wind data presented in Table 1 indicate that fall 
hailstorms were associated with slightly higher gusts 
than those in the earlier part of the growing season. 
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TABLE 1. Characteristics of hail at Urbana, Ill., 1916-1965. 
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Total hailstorms 
Maximum stone sizes 
(<½ inch) 
(½-1 inch) 
( > 1 inch) 
Stones ½ inch or larger 
as per cent of total 
Average peak gust (mph) 
Average hailfall duration (min) 
Intensity value 
Mar. 
19 
15 
3 
1 
21 
24 
2.3 
1.2 
Apr. 
20 
14 
4 
2 
30 
29 
2.8 
24 
May 
11 
10 
i 
0 
9 
25 
.3.2 
7 
June 
17 
14 
3 
0 
18 
22 
2.3 
9 
Jul. 
Aug. 
10 
7 
2 
1 
30 
27 
1.4 
11 
Sep.-
Oct. 
8 
6 
1 
1 
25 
31 
1.5 
12 
All other 
months 
14 
12 
2 
0 
14 
24 
2.0 
7 
Totals 
99 
79 
15 
5 
— 
— 
— 
However, the small sample restricts the significance of 
this minor difference. The larger stone size percentages 
and the average gusts shown in Table 1 suggest that 
a hailstorm in the July-October period, and especially 
one in September-October, would produce considerably 
more crop damage than one in the May-June period. 
FIG. 1. Data stations and crop-reporting districts in Illinois. 
However, the May and June hailstorms have much 
longer average durations than those in the late season, 
and this, as a measure of the volume of ice, acts to 
increase the relative intensity of the May-June storms. 
Three monthly parameters, i.e., number of larger 
stones, average wind gust, and average duration, were 
multiplied to obtain an empirical monthly intensity 
value (Table 1). The calculated value for April (30% 
mph × 29× 2.8 min=24.4) is highest, but during the 
crop season the intensity value increases with time be-
ginning in May and ending with the highest value in 
the September-October period. 
3. Relations between network hail parameters and 
crop damages 
Data. Over a 5-yr period, 1958-1962, 1100 farmers 
acting as volunteer hail observers reported the occur-
rence of hail in a 22,000 mi2 network in central Illinois 
(Wilk, 1961). These observers supplied 738 reports de-
scribing, from 87 hail days, the date and time of hail 
occurrence, duration of hailfall, maximum and average 
stone sizes, number of stones per square foot, incidence 
of damaging winds, and the occurrence of crop damage 
to corn and soybeans. Crop damage was reported as no 
damage (644 reports from 79 days), little damage (65 
reports from 31 days), and much damage (29 reports 
from 21 days). 
These network data allowed the evaluation of the 
hail parameters associated with the three levels of crop 
damage, and also provided measures of seasonal varia-
tions of hail intensity as reflected by the crop damages. 
Monthly crop damage reports. The number of reports 
and hail days per month are shown in Table 2. June 
led in the number of damage reports (little and much), 
and May, July and September had nearly equal num-
bers. Comparison of the number of damage reports 
per month with total reports (Table 2) produced per-
centages indicating that hailstorms in late summer pro-
duced crop damage more frequently than those that 
occurred earlier in the crop season. 
Maximum hailstone sizes. About 14% of all 738 hail-
storms had maximum stone sizes of 1 inch or more in 
diameter, whereas the Urbana point data revealed that 
only 5% of the total were this large. The percentage of 
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TABLE 2. Monthly days of hail and number of hail reports for each crop damage class. 
Total days of hail 
No damage 
Little damage 
Much damage 
Total reports 
Per cent of reports 
with damage 
Apr. 
15 
212 
2 
3 
217 
2 
May 
22 
217 
13 
3 
233 
7 
Jun. 
19 
152 
30 
10 
192 
21 
Jul. 
15 
30 
6 
9 
45 
33 
Aug. 
8 
10 
4 
1 
15 
33 
Sep. 
4 
13 
10 
3 
26 
50 
Oct. 
2 
10 
0 
0 
10 
0 
Total 
87 
644 
65 
29 
738 
13 
all hailstorms with relatively large stones (f inch di-
ameter or greater) increased during the hail season 
representing 22% of the April incidences, 30% of those 
in May, 39% in June, 42% in July, 53% in August, 
and 46% of the September total. The temporal in-
crease in the crop damage percentage frequencies (Table 
2) agrees with this temporal increase in large stone 
occurrences. 
The maximum stone size data separated by damage 
categories are shown in Table 3. Fifty-nine per cent of 
all much-damage cases were associated with f inch or 
larger stones, whereas these large stones were associated 
with only 28% of the no-damage reports. Importantly, 
41% of the much-damage reports occurred with \ inch 
or smaller stones. 
Areal number of hailstones. The average number of 
stones per square foot for the 644 no-damage reports 
was compared with the average for the 94 damage 
(little and much) reports (Table 4). The average num-
ber of stones per square foot associated with no damages 
was 27, or 10 less than that with damages. If crop 
damage is closely related to the total amount of ice for 
the same amount of damage, then in a given area the 
number of small stones should be greater than the 
number of large stones. However, the damage cases as-
sociated with the smaller stone sizes (½ inch or less) 
had fewer stones per square foot than did the damage 
cases with the larger stone sizes (1 inch and larger). 
TABLE 3. Frequency of reports of maximum stone size for 
different size classes expressed as a per cent of all reports for 
each crop damage category. 
Maximum stone diameter, inches 
¼          ½           ¾            1           >1 
Much damage 24 17 24 
Little damage 25 35 25 
No damage 40 32 17 
21 14 
12 3 
8 3 
TABLE 4. Average number of stones per square foot 
for various stone sizes. 
Number of stones for maximum stone 
diameters, inches 
All 
¼  ½   ¾  1   >1  stones
This suggests that another factor, other than stone size 
and number, is important in the production of crop-
hail damages. 
Duration of hailfall. Another parameter investigated 
using these network data was the duration of hail as 
related to crop damage. Results in Table 5 show that 
duration increased with the amount of damage. Longer 
hail durations imply the occurrence of a greater num-
ber of stones, or as Schleusener (1963) suggests, a 
greater volume of ice per unit area. The data on the 
average number of stones in Table 4 generally support 
this conclusion. The ratio of the average durations be-
tween damage (little and much) and no damage is 
1.45 (9.5÷6.5), and the ratio of the average number of 
stones between crop damage and no damage (Table 4) 
is 1.37 (37÷27). 
Wind with hailfalls. The- reported occurrences of 
damaging winds with crop damage cases and with no-
damage cases are shown in Table 6. All 29 reports of 
much crop damage from hail listed damaging winds. 
Almost all (95%) of the 65 little-crop-damage reports 
were associated with damaging winds. Only a small per-
centage of the 644 no-damage reports listed damaging 
winds, but the number of such reports totaled 96 which 
exceeds the 91 reports of damaging winds with hail 
damage to crops. 
Although no actual wind speeds are known, these 
data definitely indicate that crop damage from hail is 
TABLE 5. Relation of duration of hail at a point and crop damage. 
Duration 
Average (min) 
Median (min) 
TABLE 6. 
Little Much Little and 
No crop crop much crop 
damage damage damage damage 
6.5 8.7 12.5 9.5 
5 5 10 7 
Occurrence of damaging winds with hailfalls. 
Per cent of all hail reports in each 
damage and stone-size category 
occurring with damaging winds 
Stones of ½ Stones of ¾ 
inch diameter inch diameter Total 
or less or larger reports 
No damage 
Little and much 
crop damage 
23 
27 
29 
33 
30 
32 
33 
42 
26 
40 
27 
37 
Much crop damage 
Little crop damage 
No crop damage 
100 
97 
12 
100 
92 
14 
100 
95 
13 
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TABLE 7. Hail intensity reports and insurance intensity values for each district in Illinois. 
District 
NW 
NE 
W 
C 
E 
WSW 
ESE 
SW 
SE 
Number 
of 
stations 
11 
7 
10 
4 
5 
7 
5 
5 
5 
Average 
number of 
reports 
per station 
26 
27 
2 1 -
24+ 
19+ 
28 
17 
25 
1 1 -
Per cent of total district 
. Light 
intensity 
75 
78 
78 
72 
65 
83 
79 
69 
90 
Moderate 
intensity 
16 
17 
15 
18 
28 
9 
14 
24 
4 
reports 
Heavy 
intensity 
9 
5 
7 
10 
7 
8 
7 
7 
6 
Regional 
insurance 
intensity value 
(loss cost, $) 
0.73 
0.77 
0.46 
0.50 
0.39 
0.57 
0.25 
0.68 
0.60 
almost always associated with high winds also capable 
of producing damage. Apparently, small or large stones 
that fall without simultaneous damaging winds will 
seldom produce serious damage to corn and soybean 
crops; however, the simultaneous occurrence of hail and 
damaging winds does not always produce crop damage. 
4. Areal and temporal variations of hail intensity 
in Illinois 
Data. Hail data from U. S. Weather Bureau records 
and crop-hail insurance records were used to analyze 
areal and temporal variations of intensity in Illinois. 
During the 1928-1942 and 1946-1948 periods, Weather 
Bureau cooperative observers throughout the country 
reported the intensity of hailstorms by the terms "light, 
moderate, or heavy."' Weather Bureau instructions 
(U. S. Department of Agriculture, 1924) issued for 
these definitions were vague, but generally implied the 
degree of damage. Although subjective, any hailstorm 
defined by most observers as one of heavy intensity 
was likely a serious damage-producing local hailstorm, 
whereas a storm defined as light intensity by most 
observers was likely one that did no damage. Thus, 
these subjective measures probably are a relatively good 
measure of hail intensity. The 18-yr period of the data 
also acted to cancel observer differences and report-
ing bias. 
Data from 59 cooperative substations in Illinois (Fig. 
1) with acceptable hail records were used in the analysis. 
To further overcome the subjectivity problem, the in-
tensity data from these stations were grouped according 
to the nine crop-reporting districts in Illinois (Fig. 1). 
These data served as measures of the areal and temporal 
variations in hail intensity in the state. 
The Crop-Hail Insurance Actuarial Association pro-
vided a listing, based on corn data, of all the individual 
storm-day losses in Illinois during the 1957-1964 period. 
These were expressed as storm-day loss costs [amount 
of loss (dollars) divided by the liability (dollars) in the 
area of loss, times $100]. The median storm-day loss 
cost value determined for each month was defined as the 
monthly insurance intensity value. However, the great 
change in a corn plant's susceptibility to damage during 
the growing season (Hail Insurance Adjustment and 
Research Association, 1955) is a factor integrated with 
the hail intensity in the insurance intensity value, and 
and thus seriously limits use of this value in making 
monthly comparisons of intensity. Mean loss cost 
values also were computed from the historical insurance 
data for each crop-reporting district in Illinois, and 
these were labeled as regional insurance intensity values. 
Areal and seasonal variations. Weather Bureau data 
and insurance data on hail intensity by crop-reporting 
districts are given in Table 7. Previous findings based 
on long hail records (Changnon, 1962) agree well with 
the district averages in Table 7, indicating that the 
18-yr period was representative. A greater percentage 
of all hailstorms in the E, C (central), and SW districts 
were more intense (moderate plus heavy) than were 
those in the other districts of Illinois. In contrast, the 
regional insurance indices were highest in the NW, NE, 
SW, and SE districts and lowest in the E and 
ESE districts. 
From the Weather Bureau data, the monthly num-
bers of moderate and heavy reports per district were 
expressed as a per cent of the monthly total hail oc-
currences (Table 8). The statewide monthly averages 
indicate that the relative frequency of the more intense 
hail occurrences decreases steadily from March through 
June, but then increases rapidly in July and maxi-
mizes in September. 
Further variations in the different hail intensities 
during the crop season are revealed in Table 9. Sixty 
TABLE 8. Per cent of regional monthly hail incidences 
reported as moderate or heavy intensity. 
District 
NW 
NE 
W 
C 
E 
WSW 
ESE 
SW 
SE 
Statewide 
average 
Mar. 
20 
13 
11 
33 
27 
25 
16 
59 
7 
23 
Apr. 
21 
17 
16 
18 
32 
16 
20 
26 
10 
20 
May 
15 
25 
27 
13 
21 
5 
5 
22 
13 
16 
Jun. 
36 
18 
18 
0 
25 
10 
22 
8 
2 
15 
Jul. 
25 
21 
16 
32 
62 
39 
46 
20 
2 
29 
Aug. 
18 
10 
15 
58 
82 
10 
0 
9 
0 
23 
Sep. 
36 
50 
30 
100 
100 
22 
0 
14 
0 
39 
Oct. 
21 
20 
28 
0 
20 
0 
0 
17 
0. 
12 
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TABLE 9. Frequency of different hail intensities in the June-
September period expressed as a per cent of total hail reports 
per district. 
Intensity 
classes 
Light 
Moderate 
Heavy 
Moderate+heavy 
NW 
69 
14 
17 
31 
NE 
79 
15 
6 
21 
W 
78 
13 
9 
22 
C 
62 
19 
19 
38 
Districts 
E WSW 
40 82 
46 2 
14 16 
60 18 
ESK 
80 
15 
5 
20 
sw 
88 
9 
3 
12 
SE 
95 
2 
3 
5 
per cent of the June-September hailstorms in the E 
district were classified as moderate to heavy intensity, 
whereas only 5% of the hailfalls in the SE district 
were of similar intensity. 
The median monthly storm-day loss cost values, or 
intensity values derived from the corn damage insurance 
data, ranges from a low of $0.0001 in May and Sep-
tember to a high of $0.0010 in July. The value in both 
June and August was $0.0003. The high in July co-
incides with the great susceptibility for damage to corn 
in July (Hail Insurance Adjustment and Research 
Association, 1955). 
5. Comparisons 
Comparison of seasonal intensity variations in Illinois. 
Monthly indices of hail intensity based on the various 
hail data in Illinois are presented in Table 10 for the 
May-October period. The U. S. Weather Bureau indices 
shown were derived from the statewide average monthly 
values of intensities in Table 8. These percentages of all 
storms per month classed as moderate or heavy in-
tensity were divided by the lowest value, which was 
12% in October, to provide the Weather Bureau index 
values in Table 10. 
The monthly percentages of central Illinois hail re-
ports that listed damage (Table 2) were divided by the 
lowest value, 7% in May, to obtain the central Illinois 
indices in Table 10. The Urbana monthly intensity 
values (Table 1) were divided by the lowest value, 7 in 
May, to derive the Urbana intensity indices. The in-
surance-derived intensity values were adjusted by divid-
ing by the lowest value, $0.0001 in May and September, 
and the resulting indices also appear in Table 10. 
A graph based on these four sets of intensity indices 
appears in Fig. 2. The three forms of the Illinois 
climatological data have their highest intensity indices 
in September, with July and August values ranked as 
next highest. The monthly insurance intensity indices 
maximize in July, which precedes the hail intensity peak 
TABLE 10. Various monthly intensity indices 
Weather Bureau index 
Central Illinois index 
Urbana index 
Insurance intensity index 
May Jun. Jul. 
1.3 1.2 2.4 
1 3 4.7 
1 1.3 1.5 
1 3 10 
in the 
Aug. 
1.9 
4.7 
1.5 
3 
crop season. 
Sep. Oct. 
3.2 1 
7 0 
1.6 1.6 
1 0 
OCT 
FIG. 2. Seasonal variations in hail intensity exhibited by 
different types of Illinois data. 
shown by the other data. This July peak in the insurance 
data occurs because the corn crop is more susceptible to 
damage in July, and not because the intensity of hail-
storms is greatest in July. 
Linear correlation coefficients were calculated for the 
four sets of monthly intensity indices (Table 10). The 
Weather Bureau intensity indices had a correlation of 
0.94 with the central Illinois indices, 0.89 with the 
Urbana indices, and 0.39 with the insurance indices. 
The central Illinois indices had coefficients of 0.86 with 
Urbana data and 0.36 with insurance data, while the 
Urbana indices had a coefficient of 0.48 with the in-
surance indices. Thus, strong associations exist between 
the Weather Bureau, central Illinois, and the Urbana 
indices, but none of these three sets of intensity indices 
correlated well with the insurance indices. 
Comparison of areal intensity variations in Illinois. 
The intensity data from Weather Bureau stations, 
grouped by nine districts (Fig. 1), and the insurance 
records in these districts provided two measurements of 
the areal variability of hail intensity in Illinois. 
The regional insurance intensity values (Table 7) 
were divided by the lowest loss cost value, $0.25 in the 
ESE district, to obtain regional insurance indices (Table 
11). The heavy-intensity percentages from the Weather 
Bureau data (Table 9) were divided by the smallest 
number, 3% in the SW and SE districts, to obtain 
regional climatological indices. To allow further com-
parison both sets of district values were ranked, with 
rank 1 being the largest district value and rank 9 
the lowest. 
Comparison of the values and their ranks shows 
partial agreement. Both intensity expressions indicate 
relatively high regional values in the NW and WSW 
districts and a generally lower number of high intensity 
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TABLE 11. Regional hail intensity indices in Illinois. 
hailstorms in the W and ESE districts. Values for the 
other five districts are not in agreement. 
The disagreement in these two expressions may result 
from the fact that the insurance data are affected by 
inadequate sampling or by regional differences in the 
target, that is, the susceptibility of the various crops 
to damage. The statewide pattern of intensity varia-
tions shown by the climatic indices is in agreement 
with findings from past hail-days research in Illinois 
(Changnon, 1962). 
6. Conclusions 
Various estimated measures of hail intensity de-
termined from point, network, and statewide climato-
logical data in Illinois indicated that the hail intensity 
per storm increases during the crop growing season, 
reaching a peak in September. Insurance-derived in-
tensity values indicated a peak in July, but this occurred 
largely because July is the peak month of crop suscep-
tibility to hail damage. 
The Weather Bureau hail data indicated that sizable 
areal variations in intensity exist within Illinois. In-
tense hailfalls occur in northwestern and central Illinois 
six times more often than in southern Illinois. Since the 
results from these data agreed with other findings in 
Illinois, these data from other states could be analyzed 
to provide useful measures of intensity. 
The central Illinois mesonetwork data revealed that 
the occurrence of crop-hail damage was closely associa-
ated with the occurrence of damaging, high-speed sur-
face winds. These data also indicated that crop damage, 
in general, was related to the occurrence of relatively 
large (f inch or larger) stones, long durations of hail-
fall, and with more numerous stones on the ground, al-
though in many instances heavy crop damages oc-
curred with stones of ½ inch or less in diameter. As long 
as strong surface winds do not occur, a considerable 
volume of large hail can fall without producing signifi-
cant damage to corn and soybean crops. 
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ABSTRACT 
Information on hail intensity is not readily available on a national or local scale. As a result, a study was 
made to obtain general estimates of the mean areal patterns of hail intensity in the central and north-
western continental United States. Although the results of the study are based on indirect measures of hail 
intensity developed from crop-insurance data, the results provide useful estimates of a phenomenon hereto-
fore unmeasured. Intensity measures derived from crop-insurance data available for 19 states revealed that 
summer hailfalls at points in the lee of the Rocky Mountains were 5 to 15 times more intense than those in 
the Middle West. A good correlation was found for the mean intensity indices of states and the mean hail-
day frequencies, suggesting that the widely available climatological data on hail frequency could provide 
useful estimates of hail intensity in other states. 
1. Introduction 
One of the primary unanswered questions in many 
hail studies involves hail intensity. The intensity or 
total impact force of hail has never been accurately or 
directly measured, and yet reliable information on hail 
intensity is of importance to the building industry, 
agricultural interests, insurance companies, and now to 
meteorologists attempting to design and evaluate hail 
modification efforts. The only widely available hail 
data existing in long-term weather records are those 
for hail days. 
The need for information on the climatology of hail 
has recently become sufficiently great to warrant re-
search to obtain measurements, albeit indirect, of the 
areal variability of intensity. Since hail intensity over 
wide areas has never been measured directly and 
systematically, questions relating to the natural space 
variability of hail intensity have remained largely 
unanswered. 
The purpose of this study was to obtain or develop 
statewide intensity values that could be used to meas-
ure the macroscale variations of hail intensity. The 
only data available that could provide even indirect 
measurements of hail intensity for several states were 
crop-insurance records. Crop-hail insurance data for 
19 major grain-producing states in the central and 
northwestern United States were analyzed for wheat 
and corn crops to develop empirical measures of 
intensity as reflected in the monthly crop-damage 
statistics. Individual storm day data for each month 
were used to select a median storm-day loss value, 
which could be considered a measure of the damage 
capability of an 'average' hailstorm or as an index of 
hail intensity. These resulting crop-hail intensity 
indices for each state became the basis for the study 
of areal variations in hail intensity. The state intensity 
values were also correlated with statewide mean fre-
quencies of hail days. This statistic is readily available 
for all states and offers a means to evaluate hail intensity 
in states other than the 19 in this study. 
2. Data and analysis 
Insurance statistics on crop losses for individual 
states were provided by the Crop-Hail Insurance 
Actuarial Association, and these data were used to 
develop empirical measures of hail intensity. These 
insurance data represent approximately 75% of all 
crop-hail insurance coverage in the United States. 
The Association provided lengthy listings of the 
individual storm-day loss cost values for all dates in the 
1957-1964 period for 14 major wheat states and 9 
major corn states. 
Loss cost is a number that represents the total storm-
day losses divided by the liability for the area with loss, 
the ratio being multiplied by $100. Thus, a storm 
causing §100,000 in losses in an area with $100 million 
in liability would have a loss cost of $0.10. This ratio 
computation permits comparison between states with 
variable amounts of liability. In each state and for 
each month a median storm-day loss cost value was 
determined for either corn or wheat or both, and these 
were defined as intensity indices. The median loss 
cost values for months with eight or more storm days 
ranged from a low of $0.0001 to a high of $0.0270. To 
simplify these median loss cost values, which are also 
considered the measure of hail intensity, the dollar 
designations were removed and they were multiplied 
by 104. Thus, the median monthly loss cost of $0.0270 
became a monthly hail intensity index of 270. Monthly 
intensity indices were computed for the available data 
on corn and on wheat, which resulted in a set of monthly 
indices for wheat and a set for corn. In those states 
State 
Texas 
New Mexico 
Oklahoma 
Kansas 
Colorado 
Nebraska 
Wyoming 
North Dakota 
South Dakota 
Minnesota 
Montana 
Oregon 
Washington 
Idaho 
Apr. 
a* 
8 
0 
11 
8 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
May 
b* 
42 
0 
17 
5 
0 
3 
0 
0 
0 
0 
0 
0 
0 
0 
a* 
24 
5 
25 
26 
13 
19 
2 
3 
6 
1 
2 
1 
2 
1 
b* 
100 
204 
113 
36 
68 
41 
62 
2 
15 
2 
3 
6 
8 
8 
J 
a* 
25 
10 
u 
29 
21 
28 
11 
23 
23 
13 
20 
3 
4 
7 
une 
b* 
146 
260 
36 
80 
234 
90 
240 
25 
78 
40 
26 
38 
30 
19 
a* 
5 
3 
3 
14 
20 
24 
14 
29 
28 
20 
25 
4 
4 
8 
July 
b* 
5 
15 
4 
6 
121 
42 
270 
107 
110 
40 
161 
17 
10 
31 
Au 
a* 
0 
0 
0 
0 
4 
4 
4 
25 
15 
13 
20 
3 
2 
10 
g. 
b* 
0 
0 
0 
0 
6 
2 
77 
20 
15 
10 
30 
14 
14 
30 
Sept. 
a* b* 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
6 3 
1 2 
2 3 
4 3 
1 2 
0 0 
4 6 
a*: Average number of storm days. 
b*: Intensity indices (altered median loss cost values). 
with loss-cost data for both crops, two sets of monthly 
intensity indices were developed. 
Intensity indices can be considered useful measures 
of regional variations in hail intensity, but they cannot 
be used in seasonal comparisons of intensity. Crop 
losses from hail are a function of hail intensity and the 
crop's susceptibility to damage, and the susceptibility 
of most crops to hail damage varies considerably during 
the growing season (Hail Insurance Adjustment and 
Research Association, 1955). Much of the seasonal 
variation shown by the intensity indices has been 
found to result from seasonal differences in a crop's 
susceptibility to damage (Changnon, 1966). Crop 
susceptibility also varies somewhat regionally, since 
row crops in the Great Plains are not planted as thickly 
as those in the Middle West. Hence, plants in the 
Great Plains do not protect themselves from wind-
blown hail as well as crop stands in the Middle West. 
The intensity indices do have insurance applications 
since a single integrated measure of seasonal intensity 
and susceptibility differences is useful in developing 
hail rates (Changnon, 1966). 
The intensity indices can be used to make regional 
comparisons of crop-hail intensity if the indices com-
pared are for months when the stages of crop growth 
are similar. Such indices were calculated for corn and 
wheat in those states where these crops were relatively 
heavily insured. 
3. Results for wheat 
Insurance loss data pertaining to wheat crops in 14 
states are presented in Table 1. It should be realized 
that these statistics are affected by the extent of in-
sured area in each state, and therefore, interstate dif-
ferences in the values may partially be a result of 
sampling vagaries. The storm-day frequencies reveal 
that many more storm days occur on the average in the 
states in the middle and upper Great Plains than else-
where, a result also shown by Lemons (1942). 
Table 1 also presents the wheat intensity indices. 
Most states have their highest intensity indices in 
either June or July although in Oklahoma May indices 
rank first. Temporal variations in the wheat indices are 
illustrated for selected states in Fig. 1. Comparison of 
of the monthly values obtained for Kansas reveals 
that the value in June is more than twice as great as 
FIG. 1. Seasonal variations in storm intensity-crop 
susceptibility indices for wheat in selected states. 
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TABLE 1. Monthly data on hail damage to wheat, 1957-1964. 
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FIG. 2. Monthly patterns of intensity indices for wheat and corn. 
that in May, and the June intensity, or susceptibility 
to damage, value is about 15 times greater than those 
in April and July. Thus, in Kansas the average June 
hailstorm day causes 15 times more wheat damage over 
the state than the average April or July hailstorm day. 
Regional variations in the state wheat indices are 
shown in Fig. 2 for the four major damage months. 
These patterns reveal that Wyoming hailstorms in 
June, July and August are considerably more damaging 
to wheat than those in most other states. May and 
June storms in New Mexico are also exceptionally 
damaging, although the number of damage days is 
small (Table 1). The high indices in New Mexico, 
Colorado and Wyoming (Fig. 2) to some extent may 
be caused by the smaller insured areas in these states 
even though the storm loss values in all states were 
adjusted to liability in the area of loss. However, in-
spection of the arrays of storm data from these three 
states does not indicate that a larger sample would 
produce significantly lower monthly indices. 
The northward shift of the higher intensity indices 
from May through August is more likely a reflection 
of the latitudinal shift from winter wheat to spring 
wheat, and hence in the susceptibility of wheat to 
damage, rather than a shift in hail intensity. However, 
values for nearby states can be compared for given 
months when susceptibility to damage is similar. In 
May (Fig. 2) the median hailstorm in New Mexico 
is shown to be about twice as intense as those in nearby 
Oklahoma and Texas. During July, which is the peak 
of the damage season of spring wheat in the northern 
Great Plains, the median Wyoming hailstorm is shown 
to be about 2.5 times as intense as those in nearby 
South Dakota and North Dakota. Furthermore, the 
median hailstorms in the Dakotas during July are 
about twice as intense as those in Minnesota. The 
monthly intensity indices in Washington, Oregon and 
Idaho are generally less than the indices east of the 
Continental Divide. In any given month, the hail 
intensity values in the more mountainous states, 
including New Mexico, Colorado, Wyoming and 
Montana, are greater than those in adjacent states 
to the east. Since research in Illinois (Changnon, 1966) 
and South Dakota has shown that crop-hail damage 
is largely a result of wind-blown hail, these results 
suggest that hail-producing storms in the lee of the 
Rockies also produce strong surface gusts with the 
hailfalls. 
Due to the great geographical disparity in the loca-
tions of the wheat states, comparable stages of wheat 
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TABLE 2. Comparison of maximum monthly wheat intensity 
indices in each state with that of Washington. 
State 
Washington 
Idaho 
Oregon 
Minnesota 
Kansas 
Nebraska 
North Dakota 
South Dakota 
Oklahoma 
Texas 
Montana 
Colorado 
New Mexico 
Wyoming 
Maximum 
index 
30 
31 
38 
40 
80 
90 
107 
110 
113 
146 
161 
234 
260 
270 
Month 
June 
July 
June 
June-July 
June 
June 
July 
July 
May 
June 
July 
June 
June 
July 
Given state index 
Washington index 
1.00 
1.03 
1.27 
1.33 
2.67 
3.00 
3.56 
3.66 
3.76 
4.86 
5.36 
7.80 
8.70 
9.00 
growth occur in different months which makes it 
difficult to compare the hail intensities of all 14 states. 
However, an estimation of these regional intensity 
differences can be gained by comparing the intensity 
indices for the peak month of intensity by assuming 
that the wheat crop is at about the same damage 
susceptibility level in these months. Washington's 
peak monthly index of 30 in June is lower than the 
maximum values of all other states, and the ratio of the 
maximum for each state to the Washington value is 
shown in Table 2. 
Inspection of these ratios suggests the existence of 
five general classes or groups of intensities. Hail 
intensities reflected by wheat in Minnesota, Idaho, 
Washington and Oregon are similar and much less 
than that in other states. Kansas and Nebraska have 
hail intensities that are comparable and about 3.0 
times as great as those of the first group of states. 
North Dakota, South Dakota and Oklahoma form a 
third group with hail intensities about 3.5 times those 
in the first group. The Texas and Montana hailstorms 
on the average are approximately 5.0 times more 
intense than those in Washington, and those in Colo-
rado, New Mexico, and Wyoming are about 8.0 times 
more intense on the average. 
Interestingly, the states in these groups tend to be 
juxtaposed so that each intensity group occurs in 
identifiable geographic entities. The northwest states 
are largely the low intensity group; the central Great 
Plains states compose the slightly higher intensity 
group; the eastern portions of the Upper Great Plains 
are the third group; and the states in the two highest 
intensity groups are either in the southern Great 
Plains or in the western portions of the Upper Great 
Plains. In general, the regional comparison of the 
maximum monthly wheat indices suggests that, on the 
- average, the hailstorms in the more mountainous states 
are much more intense at a point than those in the 
central plains and in the northwest. 
4. Results for corn 
To provide information on regional intensity varia-
tions in states east of the Wheat Belt, similar indices 
were developed for corn from insurance loss cost data. 
In the Corn Belt states there is less seasonal difference 
in the corn crop's susceptibility to damage than is 
found in the more widespread wheat states. Thus, 
for any given month reliable regional comparisons of 
intensity indices of all the states can be obtained for 
corn. 
Monthly data, on the average number of hailstorm 
days producing damage to corn and the median storm-
day corn intensity indices are shown in Table 3 for 
nine major corn states. The data for Illinois show that 
the peak intensity index of 10 (loss cost of $.0010) 
occurs in July. Comparison of this value with the 
other Illinois monthly values reveals that the average 
July hailstorm day is about three times more damaging 
to corn at a point than is the average storm in June 
or August. 
The lack of significant geographical variability in the 
month of maximum corn damage is revealed by the data 
in Table 3 and Fig. 3. All states have their highest index 
in July and their lowest indices in May and September. 
- In more southerly states (Kansas and Missouri), the 
June indices are greater than those in August, but in 
the more northerly states August intensity ranks 
ahead of that in June. 
The frequency of corn-damaging hail days, as 
shown in Table 3, is least in Indiana, Kansas and 
Missouri, and greatest in Nebraska and Iowa. Regional 
variations in the corn-hail intensity indices are also 
revealed in Fig. 2. In most months the indices indicate 
a longitudinal variation in intensity with the lowest 
values in the east and the highest in the western states 
of the Corn Belt. Regional comparisons of hail intensity 
in the Corn Belt states were made using the indices 
for July, the peak month of intensity-susceptibility. 
The lowest intensity value was 10 in Indiana and 
Illinois. The intensities in Iowa, Missouri and Wis-
consin were about twice those in Illinois and Indiana; 
those in Minnesota and Kansas were 4 to 5 times 
greater; and those in Nebraska and South Dakota 
TABLE 3. Monthly data on hail-damage to corn, 1957-1964. 
State 
Illinois 
Indiana 
Iowa 
Missouri 
Kansas 
Nebraska 
South Dakota 
Minnesota 
Wisconsin 
M 
a* 
3 
1 
5 
3 
4 
4 
1 
2 
0 
ay 
b* 
1 
1 
1 
4 
5 
2 
3 
1 
0 
Ju 
a* 
12 
6 
21 
8 
4 
19 
12 
11 
2 
ne 
b* 
3 
4 
7 
19 
27 
15 
15 
8 
10 
Ju 
a* 
17 
9 
26 
10 
7 
27 
21 
21 
6 
ly 
b* 
10 10 
19 
21 
53 
80 
85 
40 
22 
Aug. 
a* 
13 
6 
23 
6 
5 
26 
23 
21 
5 
b* 
3 
4 
12 
17 
18 
29 
44 
30 
19 
Sep 
a* 
4 
2 
11 
2 
2 
13 
6 
6 
2 
t. 
b* 
1 
1 
1 
4 
11 
3 
5 
3 
2 
a*: Average number of storm days. 
b*: Intensity indices (altered median loss cost values). 
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FIG. 3. Seasonal variations in storm intensity-crop 
susceptibility indices for corn in selected states. 
were about 8 times greater than the median intensity 
of July hailstorms in Indiana and Illinois. 
5. Regional variations in hail intensity 
To measure the areal variability of hail intensity 
across the entire 19-state area required joint utilization 
of the corn intensity indices and the wheat indices 
since neither of these indices was available for all the 
states. To combine the intensity indices from the two 
crops required 1) proof of a close relationship between 
indices, and 2) a mathematical procedure for equating 
the indices. 
Degree of relationship between wheat and corn indices. 
The wheat and corn intensity indices for the four states 
(Minnesota, South Dakota, Nebraska and Kansas) 
with both crops were compared. The states were paired 
and compared using ratios based on the maximum 
monthly intensity indices calculated for wheat and 
corn. For instance, the Kansas maximum monthly 
wheat index of 80 (Table 2) was divided by the Min-
nesota maximum wheat index of 40 resulting in a ratio 
of 2.0 shown in Table 4; and the Kansas maximum 
monthly corn index of 53 (Table 3) was divided by the 
maximum Minnesota value of 40 to get a corn ratio 
of 1.4 (Table 4). 
Thus, comparison of the corn indices indicated that 
hail in Kansas was 2.0 times as intense as that in 
Minnesota, whereas comparison of the two states 
using their wheat indices indicated that the hail 
intensity in Kansas was 1.4 times that in Minnesota. 
TABLE 4. Wheat and corn intensity ratios for pairs of states 
developed using maximum monthly intensity indices for each 
crop. 
Pairs 
Kansas/Minnesota 
South Dakota/Minnesota 
Nebraska/Minnesota 
Nebraska/ Kansas 
South Dakota/Kansas 
South Dakota/Nebraska 
Means 
Rat 
Wheat 
2.0 
2.7 
2.2 
1.2 
1.4 
1.2 
1.8-
ios 
Corn 
1.4 
2.1 
2.0 
1.5 
1.6 
1.1 
1.6+ 
The resulting intensity ratios calculated for the six 
possible pairings of the four states with wheat and 
corn data are shown in Table 4. Although none of the 
paired ratios were exactly equal, they were approxi-
mately the same which meant that the maximum 
monthly intensity indices developed for corn could be 
combined with those for wheat to obtain a reasonably 
accurate basis for comparing the crop-hail intensity 
among the 19 states. 
Procedure for combining wheat and corn indices. As a 
first step, the maximum monthly intensity index for 
corn in each of the states was divided by 10, the 
Illinois and Indiana maximum corn intensity indices, 
because this was the lowest of the state maximum 
indices. Thus, these maximum intensity indices for 
Illinois and Indiana became 1.0, and these reduced 
values were defined as "adjusted intensity indices." 
Similarly, the South Dakota maximum corn intensity 
index of 85 became an adjusted intensity index of 8.5 
which meant that the July hailstorms in South Dakota 
on the average were 8.5 times more damaging to a corn 
crop than those in Indiana and Illinois. These adjusted 
intensity indices, as calculated for corn, were plotted 
FIG. 4. Pattern of hail intensity as determined for peak 
month (June or July) of wheat-corn damages. 
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near the center of the principal corn growth area in 
the nine corn states (Fig. 4). Two adjusted intensity 
values appear in those states where corn and wheat 
values could be developed and where the corn growth 
region was distinctly separate from the region of wheat 
growth. 
South Dakota data were then chosen to develop a 
relation between the wheat indices and those for corn. 
For each of the 10 wheat states which had no develop-
able corn indices, a ratio of the maximum monthly 
wheat intensity index to that for South Dakota was 
calculated. This ratio for each state was multiplied by 
the South Dakota adjusted corn intensity index of 8.5 
to obtain an adjusted intensity index for each of the 
wheat states. For instance, the ratio of the peak Mon-
tana wheat intensity index of 161 (Table 2) to the 
South Dakota value of 110 was 1.46, and multiplication 
by 8.5, the South Dakota adjusted intensity value, 
produced an adjusted intensity index of 12.4 for 
Montana. These state adjusted intensity indices were 
determined for each of the wheat states and were 
plotted at the center of the major wheat areas in each 
state (Fig. 4). 
Results. The areal variations in hail intensity, as meas-
ured by the adjusted indices developed from the maxi-
mum crop damage months (either June or July), are re-
vealed by the iso-intensity lines on Fig. 4. The crop-hail 
intensity in midsummer decreases rapidly eastward 
from the Rocky Mountain states. Midsummer hail 
in the central and eastern portions of the Great Plains 
states that border the mountain states is only about 
20-40% as intense, on the average, as that in mountain 
states. The hailfalls in the next north-south line of 
states (Missouri, Iowa and Minnesota) on the average 
are only 25-50% as intense as those in the adjacent 
states on their western borders. The most eastern 
states analyzed, Illinois and Indiana, have average 
hail intensities that are 50% of those in the adjacent 
states to the west. Hail intensities in Idaho, Oregon 
and Washington are comparable with those in the 
Middle West. 
6. Relationship between crop-hail intensity and 
hail occurrences 
Hail intensity values similar to those derived from 
the crop-insurance data for the 19 states cannot be 
obtained for most other states because of the lack of 
extensive crop insurance in many areas. Thus, a 
national climatological portrayal of hail intensity and 
its areal-temporal variations is not available. 
The only widely available climatological data on hail 
are for the number of days with hail as recorded at 
U. S. Weather Bureau first-order stations (U. S. 
Weather Bureau, 1947) and at cooperative substations. 
If a relationship exists between hail-day frequencies 
and hail intensity, the frequency data offer a means for 
estimating hail intensity throughout the nation. As a 
NUMBER OF HAIL DAYS IN MONTH OF 
MAXIMUM INTENSITY IN AN AVERAGE 20-YEAR PERIOD 
FIG. 5. Comparison of average point hail-day frequencies 
and adjusted hail intensity indices. 
consequence, the hail-day frequencies and insurance 
intensity indices were compared to measure the degree 
of relationship. 
A comparative analysis was made using the intensity 
and frequency data for the 19 states with identified 
intensities (Fig. 4). Since the adjusted intensity indices 
selected for these comparisons were based on months 
of maximum intensity, this hail frequency-intensity 
comparison was based on data for these same months. 
In most states the month of maximum intensity was 
June or July (Tables 2 and 3). For each state an average 
point hail-day value for the maximum intensity month 
was calculated using data from the first-order stations 
located in and on the periphery of the state. 
The intensity-frequency data for the 19 states are 
shown plotted on Fig. 5. A line was fitted to the 19 data 
points by the method of least squares and the regres-
sion equation is presented on Fig. 5. The standard 
error of estimate for the scatter around the regression 
line was 2.98. The correlation coefficient computed for 
the intensity-frequency values was +0.89 which 
indicated that the average hail-day values explained 
79% of the variation in the hail intensity. 
Comparative studies of summer hail frequencies 
and annual amount of crop loss in Illinois also indicated 
a relationship between hail-day frequencies and crop 
losses (Roth, 1961). Changnon (1960) found that the 
annual amount of crop-hail loss in Illinois correlated 
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well with the extent of area experiencing more summer 
hail days than could be expected to occur once in ten 
years. In this instance, relatively more hailstorms over 
large areas of Illinois were associated with more total 
damage, indicating the existence of a correlation be-
tween frequency and intensity, if the degree of damage 
is a measure of intensity. 
7. Conclusions 
The insurance-derived intensity indices for each 
state indicated that the point intensity of hail near the 
Rocky Mountains is much greater than that in the 
northwest, Great Plains and Middle West. Hail in-
tensity in the peak intensity-crop damage months, 
June and July, decreases rapidly and steadily eastward 
from the Rocky Mountains. Hail in Illinois and Indiana 
is only 5-10% as intense on the average as that in the 
mountain states. Evaluation of seasonal differences 
in intensity using the insurance indices was inconclusive 
because the indices strongly reflect temporal changes 
in the susceptibility of crops. The maximum intensity-
susceptibility values occur in June in the southern 
wheat states and in July in the more northern wheat 
states and in all the Corn Belt states. 
Damaging storm days are most frequent, on the 
average, in Kansas, Nebraska and the Dakotas, and 
damage days are least frequent in the mountain states 
(wheat) and the eastern Middle West (corn). Thus, 
in the mountain states where hail intensity at a point 
is greatest, storm days are less frequent than those 
in the Great Plains. However, the intensity indices 
were found to be well correlated with the mean fre-
quency of total hail days at a point, suggesting that the 
widely available hail-days data offer a means for esti-
mating intensity throughout the nation. 
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AREAL VARIATIONS IN CORN-WEATHER 
RELATIONS IN ILLINOIS 
STANLEY A. CHANGNON and JAMES C. NEILL 
Illinois State Water Survey, Urbana 
ABSTRACT. — Various statistical mea-
sures of the relations between weather 
factors and corn yields were derived for 
all counties in Illinois. These were 
used to ascertain the existence of areal 
variations and to develop regional pat-
terns. Historical monthly weather data 
and annual yield data for the 102 Illi-
nois counties were the basis of the re-
search that included several single and 
multiple regression analyses. Technol-
ogy was treated as a time trend in the 
analysis. 
July rainfall was found to be the 
single most important weather factor 
although in portions of southern and 
eastern Illinois either July temperature 
 or August temperature achieved higher 
correlations with yields. Weather fac-
tors together explained more than 80% 
of the variability in yields in southern 
Illinois, but only 45% of the yield vari-
ability in northern Illinois. Regressions 
of both technology and weather factors 
with yields produced correlations great-
er than +0.88 in all counties. 
Regional patterns developed from the 
weather-yield analysis compared favor-
ably with patterns of soil types, 
droughts, and high temperatures. One 
such pattern delineating five areas of 
different weather-yield relations was 
chosen to define risk regions for crop-
weather insurance. Other regions were 
delineated as having essentially different 
rainfall-yield relations and were used 
in a study to determine irrigation po-
tential. 
A desire for statistical measures of 
the areal variability in corn yields 
due to weather factors in Illinois led 
to a study of corn-weather rela-
tions and how they varied within 
the state. Parameters measuring this 
areal variation were used 1) to es-
tablish weather-crop insurance risk 
areas, and 2) to delineate areas with 
different irrigation potentials. 
A key problem in this study of 
areal variability was identifying a 
suitable analytical technique and a 
source of data appropriate for use 
with the technique: Selected for 
much of the analysis was a procedure 
(Thompson, 1963) using multiple 
curvilinear regressions based on sea-
sonal and monthly temperatures and 
precipitation, and technology as rep-
resented by time-trend analysis. 
Thus, the research was based on the 
assumption that corn yields are de-
pendent on weather-soil interactions 
which can be considered the 'natural 
factors', on technology or the man-
made factors, and on certain un-
measured and random factors. Coun-
ty weather-yield data were used in 
the Illinois analysis, whereas Thomp-
son (1963) used data from larger 
areas, states and crop-reporting 
districts. 
Data for the study consisted of 34 
years of corn yield data and monthly 
and seasonal weather data deter-
mined for each of the 102 counties 
in Illinois. Yields from each county 
were individually correlated with 
each of the weather variables and 
with time for technology. In addi-
tion, multiple regressions were per-
formed for all weather variables and 
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technology to produce patterns ex-
pressing corn-weather relations. 
The varying degrees of statistical 
association between weather and corn 
yields were used to define regions of 
different weather risk for insurance 
applications. These regions were 
compared with more commonly avail-
able patterns, such as July rainfall, 
to find which pattern correlated best, 
and thus could be used to provide the 
areal patterns of weather-yield risk 
in other Corn Belt states. A pattern 
based on the county coefficients of 
variation of yields was found to 
compare best with the risk map de-
veloped from corn yields in Illinois. 
Areal variation in the relation-
ships between corn yields and July-
August rainfall amounts was also 
investigated. The results of regres-
sion analyses indicated the existence 
of 12 regions within Illinois, each 
with essentially different July-Au-
gust rainfall-yield r e l a t i o n s h i p s . 
These findings were used in a study 
to determine potential water needs 
for future irrigation in Illinois. 
DATA AND ANALYSIS 
Yield data used in the study consisted 
of annual county corn yields for the 
1930-1963 period reported by the Illinois 
Crop Reporting Service. Weather data 
used for each county represented the 
following eight variables: preseason 
precipitation (September through May), 
May mean temperature, June rainfall, 
June mean temperature, July rainfall, 
July mean temperature, August rainfall, 
and August mean temperature. Each 
seasonal and monthly weather value was 
an average of the data from all the 
weather stations within each county. 
When no data were available within a 
county, estimations were made using 
data from all weather stations sur-
rounding the county. 
Each county weather variable and 
technology were individually regressed 
with yields. Simple linear correlation 
coefficients were determined for temp-
erature variables and technology. Curvi-
linear correlation indices were calcu-
lated for precipitation variables. Maps 
of the county coefficients and indices 
were made to delineate areal variations 
of these relationships. 
Multiple regression analyses of yield 
versus weather variables and technology 
were performed. In these analyses, a 
technology effect was determined in a 
manner recently suggested by Thomp-
son (1966). To develop a measure of the 
effect of technology on yields and the 
changes in corn yields due to techno-
logical advances, two sets of 'dummy 
numbers' were employed. The first set 
represented the general trend of tech-
nology in the 1930-1957 period, and the 
second set expressed an accelerated tech-
nology effect since 1958. These dummy 
variables were scaled to known large 
advances or changes in technological 
practices and were included as linear 
terms in the regression equations. 
Statistical techniques using results 
from the multiple regression analyses 
were employed to determine values that 
would provide a measure of the county 
yield variation explained by all eight 
weather variables or by technology. For 
instance, regression and analysis of var-
iance techniques were used to separate 
the v a r i a n c e ( s t a n d a r d d e v i a t i o n 
squared) of the county corn yields into 
a portion primarily explained by weather 
values and an unexplained portion as-
sociated with technological and random 
factors. A county index of variation was 
obtained by taking the square root of 
the variance explained by regression for 
each county, dividing by the county 
mean yield, and expressing the resulting 
ratio as a percentage. The index can 
perhaps be visualized more directly as 
the product of the correlation coefficient 
and the coefficient of variation. This 
type of index was used to compare corn 
yield response to weather variables and 
to technology among counties and to 
derive regional patterns. 
RELATIONS B E T W E E N YIELDS AND 
INDIVIDUAL FACTORS 
July rainfall and yields. For each 
county, the mathematical relationship of 
corn yield to July rainfall was examined 
by comparing the fit of equations of 
linear, quadratic, and cubic forms with 
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the July rainfall and corn yield data. 
Interestingly, the 102 best-fit curves as-
sumed many different shapes, but each 
could be classed generally as being in 
one of seven different basic types. The 
seven types of best-fit curves are illus-
trated in FIGURE 1 by curves from spe-
cific counties. 
The most common form of best-fit 
curve was the quadratic, which is shown 
for Stark County and was found for 
42 counties. Maximum yields occurred 
with July rainfall totals ranging from 
6.0 to 8.5 inches, and low yields occurred 
with either too much or too little rain-
fall. 
Other versions of quadratic relation-
ships are represented by the curves for 
Calhoun and Jackson Counties. Counties 
with these types of curves occurred in 
distinct geographical regions with simi-
lar soil conditions suggesting that each 
type was the result of specific soil-water 
relations. The counties with a cubic fit, 
as illustrated by the curve for Mason 
County, all had large amounts of sandy 
soils. 
The curves illustrated by Williamson, 
Adams, and Lawrence (FIG. 1) were ob-
tained in counties where the 34-year 
sample of July rainfall was considered 
inadequate. The cubic relations with 
double peaks illustrated by Lawrence 
and Adams Counties were found for 
counties where one very high July 
amount had occurred but where the sec-
ond highest amount was relatively low 
which produced a cubic fit rather than 
a quadratic. Similarly, the linear curves, 
illustrated by Williamson County, may 
have resulted because these counties had 
not experienced an extremely high July 
rain. 
These curves of FIGURE 1 were pre-
sented to illustrate that areal variations 
in the July rainfall-yield relations do 
exist. However, certain curves also re-
veal that inadequate sampling in some 
areas can produce apparently erroneous 
results. In general, the data indicate 
that the relationship between corn yields 
and July rainfall is quadratic, but that 
geographic areas within the state ex-
hibit identifiably different forms of this 
relationship. 
Patterns of association. Shown on 
FIGURE 1.—Seven types of best-fit curves for corn yields and July rainfall 
illustrated by selected counties. 
224 Transactions Illinois Academy of Science 
A. CORRELATION INDICES FROM JULY RAINFALL B. CORRELATION COEFFICIENTS FROM JULY MEAN 
TEMPERATURE 
C. CORRELATION COEFFICIENTS FROM AUGUST MEAN 
TEMPERATURE 
D. CORRELATION COEFFICIENTS FROM TECHNOLOGY 
FIGURE 2.—Iso-coefficient patterns based on correlations between corn yields 
and various county factors. 
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FIGURE 2 are the correlation patterns 
for the three monthly weather variables 
found to be most important in explaining 
yields: July rainfall, July temperature, 
and August temperature. Since July rain-
fall has a curvilinear association with 
yields, correlation indices were calcu-
lated for a quadratic form of relation-
ship. The resulting pattern of indices 
appears on FIGURE 2A. These indices 
ranged from a low of 0.25 in three areas 
to a high of 0.71 in western Illinois. 
Thus, July rainfall values considered 
alone explained between 80% and 50% of 
the variation in corn yields in Illinois. 
Throughout much of Illinois July rain-
fall totals account for more than 25% 
of the variability in yields. 
The correlation coefficients derived 
from linear regressions of yields with 
July temperatures and with August 
temperatures were used to construct the 
patterns in FIGURES 2B and 2C. July 
temperature is well correlated negatively 
with corn yields in western and south-
central Illinois where July rainfall was 
also well correlated with yields, which is 
to be expected because of the frequent 
inverse relationship between rainfall 
and temperature. However, there are 
several areas, such as northwestern Illi-
nois, where July temperature is corre-
lated to a much higher degree with 
yields than is July rainfall. Linear cor-
relations for August temperature and 
yields were also negative, but the mag-
nitudes of the associations were not as 
large as those obtained for either July 
temperature or rainfall. 
Technology values, as determined 
from a linear time-trend analysis, were 
correlated with the county corn yields. 
Simple linear correlation coefficients 
ranged from +0.65 to +0.92 indicating 
that technology defined in this manner 
explained between 42% and 85% of the 
variability in country corn yields. A pat-
tern created from a plot of the county 
correlations of technology with yields is 
presented in FIGURE 2D. 
REGIONAL PATTERNS DERIVED FROM 
M U L T I P L E REGRESSIONS 
For each county, multiple curvilinear 
regressions were performed for all eight 
weather variables and corn yields. The 
pattern based on the county multiple 
correlation coefficients is shown in 
FIGURE 3. The coefficients ranged from 
0.65 in extreme northern Illinois coun-
ties to 0.93 in several counties in south-
FIGURE. 3.—Iso-coefficient pattern for 
multiple regressions of weather and corn 
yields. 
central and extreme southern Illinois. 
Thus, the eight weather variables ex-
plained between 42% and 86% of the 
variability in corn yields. Most counties 
in the southern half of the state had 
correlations above 0.80 indicating that 
the weather factors explained more than 
65% of the variability. 
Regressions of both the technology 
and weather factors with corn yields 
produced correlation coefficients above 
0.88 in all counties. In 70% of the coun-
ties these factors explained more than 
88% of the variability in yields. The 
unexplained variation can be attributed 
to random factors, or to weather-soil 
and technology factors not included in 
the equation. 
For the purpose of identifying regions 
of different crop-weather risk, a county 
statistic which combined the associa-
tion (multiple correlation) of yield and 
weather with a measure of the variation 
in county yields was preferred. The 
index of variation described in the data 
analysis section was chosen. This index 
of variation provides a measure of coun-
ty yield variability due to the eight 
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weather factors expressed as a percent 
of county mean yields. 
These county indices ranged from a 
low of 8% to a high of 38% of the 
county mean yields. The indices were 
sorted into five groups with approxi-
mately equal numbers of counties in 
each group, and the resulting pattern 
appears on FIGURE 4. Group 1 comprises 
counties in which weather factors ex-
plained between 29 and 38 percent of the 
mean yields. Comparison of the location 
of these counties with a map of Illinois 
soil types (FIG. 5A) revealed that the 
soils in these counties are mostly slowly 
permeable and thin (Wascher, et al., 
1950). As shown in FIGURES 5B and 5C, 
these counties are also in the area of 
the state where 6-month precipitation 
droughts are most frequent and severe 
(Huff and Changnon, 1963). The aver-
age annual number of days with tem-
peratures of 90 degrees or higher is 
greatest in this same area (FIG. 5D). 
Yields in an area having soils of low 
moisture holding capacity and frequent 
severe droughts and extreme tempera-
tures should be quite affected by weather, 
FIGURE 4.—Variability of corn yields 
attributed to weather (soil) factors ex-
pressed as a percent of county mean 
yields. 
and the results substantiate this. 
At the other end of the variability 
scale are the counties of group 5 in 
which weather conditions explained only 
8% to 14% of the variability in corn 
yields. Most of these counties are in 
northwestern Illinois (FIG. 4) and have 
thick, moderately permeable soils that 
are generally drought resistant. Most 
of the counties in groups 4 and 5, which 
reflect the least effect of weather on 
yields, are located in northern Illinois 
where high temperatures are least fre-
quent (FIG. 5D) and droughts are not 
as frequent nor as severe. 
Certain regional anomalies appear on 
FIGURE 4. One of these is a 3-county 
area in northeastern-central Illinois 
classed in group 2, a group with a rela-
tively strong weather-yield response. 
The soils (FIG. 5A) in these three coun-
ties are either permeable, droughty 
sands, or are thin and slowly permeable 
clayloams. Both soils are generally in-
capable of providing adequate soil mois-
ture during dry periods. Drought char-
acteristics and temperature extremes in 
these three counties are no more severe 
or frequent than in surrounding coun-
ties, so the stronger weather-yield re-
lationship in this area is largely a result 
of the soil conditions. 
USES OF W E A T H E R - Y I E L D PATTERNS 
This research concerning the areal 
variation in weather-yield relations was 
initiated to provide answers for two 
specific problems. One of these con-
cerned development of risk regions for 
crop-weather insurance a p p l i c a t i o n s 
(Changnon, 1966). The other problem 
concerned identifying regions with dif-
fering potentials for corn irrigation as 
reflected by different rainfall-yield re-
lations. 
Insurance applications. The research 
concerning insurance applications had 
two objectives. The first was to identify 
regions of essentially different crop-
weather relations with the goal of using 
these as a measure of risk due to weath-
er. The numerical differences between 
these regions also might serve as mea-
sures of the differences in possible rate 
values. The second objective was to 
establish, through comparisons with 
other more readily available weather or 
crop patterns, a pattern that would 
correlate well with the regional risk 
map. If a well-correlated pattern could 
be found, then that type of pattern could 
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A. GENERALIZED SOIL TYPE AREAS IN ILLINOIS B. NUMBER OF TIMES A 6-MONTH DROUGHT CENTERED 
IN EACH CROP-REPORTING DISTRICT, 1906-1965 
C. PRECENT OF NORMAL 6-MONTH PRECIPITATION EX-
PECTED ONCE IN 25 YEARS 
0. ANNUAL AVERAGE NUMBER OF DAYS WITH MAXIMUM 
TEMPERATURE OF 90 DEGREES OR HIGHER 
FIGURE 5.—Patterns of soils, droughts, and high temperatures. 
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be used to delineate risk regions in 
other Corn Belt states without repeat-
ing the time-consuming analysis pursued 
in Illinois. 
The regional pattern shown on FIGURE 
4 was chosen as a best measure of risk 
regions in Illinois. Bach of the five 
groups was identified as a different risk 
region. Thus, all counties in group 1 
would have the same insurance risk 
since their risk due to weather is com-
parable. Differences in the mean per-
centages (FIG. 4) calculated for each 
of the five groups were used to provide 
a possible measure of rate differences 
between the regions. Group 5 (lowest 
risk) was assigned a value of 1.0 for 
risk rating (1.0 = 11%), and the means 
were compared to this base value. The 
risk value for counties in group 4 is 1.55 
times as great; that for group 3 is 2.0; 
that for group 2 is 2.36; and that for 
group 1 is 3.0 times as great. 
The risk map (FIG. 4) was compared 
with several other patterns including 
those for individual weather conditions 
and yield maps. These comparisons 
revealed that a pattern based on the 
coefficient of variation of corn yields 
(Swanson, 1957) was in good agreement 
with the risk pattern. The pattern based 
on the coefficient of variation of corn 
yields shown on FIGURE 6 is very simi-
lar to the pattern in FIGURE 4. This 
suggests that crop-weather risk regions 
in other Corn Belt states could be es-
tablished using similar maps of the co-
efficient of variation of corn yields. 
Irrigation applications. To provide 
answers on the water requirements re-
lated to the potential development of 
corn irrigation in Illinois, a method 
was devised using the county weather-
yield regression results and the growing 
season weather as determined from long-
term records. The objective in this case 
was to provide an estimate of annual 
irrigation water needs for maximum 
corn yields expressed as a frequency 
of occurrence for all crop-land in the 
state. Such an engineering expression 
of specific yield increases related to 
water needs was considered an essential 
input in the current statewide plan-
ning for future water resources. 
The data used in most methods for 
estimating irrigation water needs are 
usually measurements of radiation, evap-
otranspiration, and soil moisture. Un-
fortunately, such data are not available 
for most areas, and hence an empirical 
approach using the widely available pre-
cipitation and temperature data was 
FIGURE 6.—Coefficient of variation of 
corn yields. 
devised. The first phase of the research 
was to determine for each of the 102 
counties the response between yields and 
the July and August rainfall which are 
the most critical rainfall amounts in 
corn production. A regression using 
July plus August rainfall was performed, 
and indices of variation were derived 
in the manner previously described. 
These indices suggested 12 regions (FIG. 
7) of specifically different rainfall-yield 
relations. Although some of the regions 
had indices of similar magnitude, such 
as regions labeled 1 and 3, they were 
considered as separate entities because 
of their geographical separation and 
known areal differences in the variabil-
ity of July-August rainfall. 
The second phase of the irrigation re-
search was the calculation of weather-
yield regression equations for each of 
the 12 regions. Data used in these re-
gressions included the eight weather fac-
tors, technology factors, and yields. In 
the third phase, long-term weather rec-
ords in each region were summarized to 
ascertain the basic types of growing sea-
son weather that occurred over the past 
65 years. The number of basic weather 
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FIGURE 7.—Regions of Ju ly and Au-
gust rainfall-yield relations used in ir-
rigat ion calculations. 
types ranged from a low of 12 in one re-
gion to a high of 20 in a few regions. The 
numher of years tha t experienced each 
of the identified seasonal wea ther types 
was expressed as a frequency of occur-
rence for the total period of record. The 
actual weather da ta for the years classed 
in each weather type were averaged to 
produce numerical values of t empera ture 
and rainfall representa t ive of each 
weather type. 
In the final phase of the i r r igat ion 
research, these average seasonal weather 
values were inserted in the regional re-
gression equation to calculate the yields 
t h a t would result from each. Then for 
each weather type, the Ju ly rainfall 
total entered in the equation was sys-
tematical ly increased, while holding all 
other variables constant at the i r aver-
age value, to calculate the maximum 
yield. The August totals were also in-
creased in the equation bu t wi th the 
opt imum July rainfall previously cal-
culated. The difference between the 
average July-August rainfal l and tha t 
needed for maximization of yields was 
then calculated for each seasonal weath-
er type. Since the frequency of the 
weather types had been established, the 
frequency of water differences, or de-
mands, was also known for each region. 
The results obtained for regions 10 
and 11 ( F I G . 7) are shown in TABLE I. 
Region 10 in nor thern Illinois is in the 
a rea tha t has been shown to have yields 
wi th relatively litt le variat ion due to 
weather ( F I G S . 1 and 4 ) . In th i s region, 
increases of 7% to 8% are possible wi th 
4.2 inches of added water in t he July-
August period in 5 years out of 20, 
whereas in region 11, 4.2 inches of added 
water will increase yields anywhere 
from 25% to 3 1 % in 4 of 20 years . 
TABLE 1.—Frequency of Water Demands 
and Related Percentage Increases Associated 
with Maximum Corn Yields During an Aver-
age 20-Year Period. 
CONCLUSIONS 
This research has identified and 
measured the areal variations of 
practical importance in weather-
yield relations in Illinois. An ex-
pression employed to measure these 
areal variations in yield due to 
5 
1 
2 
6 
6 
4 
4 
4 
3 
1 
4 
37-49 
25-31 
13-20 
8-10 
1-5 
0 
4.2 
3.8 
3.1 
1.8 
0 
4.8 
4.2 
3.5 
2.8 
1.0 
0 
Frequency, 
years 
Yield Increase, 
percent 
Water required, 
inches 
Region 10 
(North) 
7-8 
6 
4 
1-2 
0 
Region 11 
(South-Central) 
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weather factors produced results 
that compared favorably with data 
on soils, droughts, and temperature 
extremes. 
When yields were correlated with 
technology based on time trends, it 
was found that technological factors 
alone explained between 50% and 
80% of the variability in corn yields. 
However, weather factors analyzed 
separately also were shown to ex-
plain between 50% and 80% of the 
yield variations. Thus, there is con-
siderable interaction between tech-
nological factors and the weather 
factors. Multiple correlations of 
technology plus weather factors with 
corn yields indicated that together 
they explained more than 80% of the 
yield variations in all counties. 
Yields in south-central Illinois 
were found to have a stronger re-
lationship with weather than those 
elsewhere. The weakest weather-
yield relations were found in north-
ern Illinois. July rainfall and July 
temperature were found to be more 
highly correlated with corn yields 
than any of the other six weather 
variables. 
The pattern of yield variability at-
tributable to weather factors was 
used to identify possible risk regions 
for crop insurance applications. Nu-
merical differences in the variability 
indicated that counties in south-cen-
tral Illinois had weather-yield risk 
values that were three times as great 
as those for counties in northern Il-
linois. This risk pattern for Illinois 
was found to be well correlated with 
a pattern based on the county coeffi-
cients of variation of corn yields. 
Hence, coefficient of variation pat-
terns, which can be determined more 
easily than the risk pattern, could 
be used to map risk regions in other 
states. 
The country measures of yield var-
iability due to July-August rainfall 
were used as input into a method 
developed to determine water re-
quirements for future corn irrigation 
in Illinois. These measures, or vari-
ability indices, indicated there were 
12 regions in Illinois with different 
yield-rainfall characteristics. 
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